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Introduction 

In addition to its classical role in bone and mineral metabolism, vitamin D (calcitriol, 

1,25-dihydroxycholecalciferol) has antiproliferative activity in solid tumor models both in vitro 

(1-7) and in vivo (1, 4, 7, 8). Calcitriol binds to the vitamin D receptor (VDR), a member of the 

steroid nuclear receptor superfamily, which results in the transcription of target genes (9). We 

demonstrated that calcitriol inhibits the growth of the murine squamous cell carcinoma (SCC) (7) 

and the Dunning rat prostatic adenocarcinoma, Mat-lylu (1). In addition, calcitriol in 

combination with cisplatin or carboplatin synergistically enhanced anti-tumor activity of in vitro 

and in vivo, and these effects were schedule dependent (13).   Mechanistic studies reveal that 

calcitriol induces GQ/GJ arrest, a decrease in Rb phosphorylation, an increase in expression of 

p27, and a decrease in expression of p21, cyclin dependent kinase inhibitors (10-14). Recent 

studies indicate a reduction in p21 expression sensitizes tumor cells to both DNA damaging 

agents (15,16), and microtubule damaging agents such as paclitaxel (17,18, 19).     Given the 

ability of calcitriol to decrease p21 expression in vitro and in vivo, and the reported association 

between reduced expression of p21 and increased sensitivity to paclitaxel, we hypothesized that 

calcitriol would enhance the antitumor activity and apoptosis-promoting ability of paclitaxel. 

Studies also have investigated the mechanism by which calcitriol induces apoptosis, particularly 

with respect to its effects on survival and stress signaling pathways.   Calcitriol induces the 

caspase-dependent cleavage of MEK, a target of proteolytic degradation not previously 

described, resulting in nearly complete loss of MEK expression and Erkl/2 signaling.   Direct 

comparison of calcitriol with genotoxic agents revealed that the molecular events described 

above, with the exception of Akt inhibition, were selective for calcitriol. We present here our 

results to investigate calcitriol-mediated tumor cell death and the interactions of paclitaxel and 



calcitriol both pre-clinically and clinically with the support of Department of Defense grant 

DAMD17-98-1-8549. We have chosen to evaluate combinations of calcitriol with and without 

paclitaxel in PC-3 (a human prostate cancer) and SCC (a murine squamous cell carcinoma) to 

investigate differences in response and biologic effects, hypothesizing that such differences may 

provide insight into the mechanism of calcitriol-mediated cell death in prostate cancer and in the 

interaction between these two agents. In addition, we present data on the ongoing clinical trial 

involving calcitriol and paclitaxel with plans for a trial involving calcitriol/dexamethasone in 

combination with docetaxel and zolendronic acid in men with hormone refractory prostate 

cancer. 



Body: 

Statement of Work- Specific Aim 1: To determine the parameters for optimum 

potentiating activity in prostate model systems 

Calcitriol increases paclitaxel anti-tumor activity in vitro.   To examine the antitumor 

activity of calcitriol and paclitaxel alone, or in combination, murine SCC cells were used in an in 

vitro clonogenic assay. SCC cells were (a) treated with paclitaxel or calcitriol alone, (b) were 

pre-treated for 24h with calcitriol then treated with paclitaxel, or (c) were treated simultaneously 

with both agents. As we previously reported, calcitriol inhibits clonogenic survival in SCC with 

an IC50 of 4 nM (Fig. 1 and (7)). Paclitaxel alone also inhibits SCC survival with an IC50 of 23 

nM. Significantly greater antitumor activity was achieved when calcitriol was combined with 

paclitaxel (Fig. 1). Calcitriol pre-treatment potentiated paclitaxel activity to a greater extent than 

concurrent treatment, except at the highest dose of paclitaxel studied. These results demonstrate 

that antitumor activity in SCC is increased by combining calcitriol with paclitaxel, and that the 

optimal schedule for administration is treatment with calcitriol followed by paclitaxel. 

Similarly, we examined whether the combination of calcitriol and paclitaxel was effective 

in inhibiting the growth of human prostatic adenocarcinoma cells (PC-3). PC-3 cells were treated 

in vitro for 24h with or without calcitriol and received no further treatment or were treated for an 

additional 24h with varying concentrations of paclitaxel. As shown in Fig. 2, calcitriol alone had 

detectable antiproliferative activity in these cells, with an IC50 of 5 uM. Paclitaxel, when used 

as a single agent, reduced PC-3 clonogenic survival in a concentration-dependent manner. 

Significantly greater growth inhibition was achieved by pre-treating the cells with calcitriol at 



each of the paclitaxel concentrations tested. Calcitriol also enhanced paclitaxel-mediated growth 

inhibition in vitro in the Dunning rat metastatic adenocarcinoma (MLL) model system (data not 

shown). Therefore, calcitriol increases paclitaxel activity in murine squamous cell carcinoma 

and human as well as rat prostatic adenocarcinoma. This indicates the effects are not cell-type 

specific. 

Calcitriol increases paclitaxel anti-tumor activity in vivo. To evaluate whether the 

combination of calcitriol and paclitaxel has greater in vivo antitumor activity compared to either 

agent alone, the excision clonogenic assay was used. As shown in Fig. 3 A, the combination of 

calcitriol plus paclitaxel resulted in a significantly greater decrease in surviving fraction as 

compared to paclitaxel or calcitriol alone. Thus, greater in vivo antitumor activity is achieved in 

SCC by pre-treatment with calcitriol followed by paclitaxel. 

To determine whether an increase in clonogenic cell kill was associated with inhibition of 

tumor growth, SCC tumor-bearing mice were treated with saline, calcitriol or paclitaxel alone, or 

calcitriol in combination with paclitaxel. We utilized a schedule of daily x 3 doses of calcitriol 

with paclitaxel administered on day 3. This calcitriol dosing regimen was previously reported to 

maximize antitumor efficacy while minimizing toxicity or hypercalcemia (13). In SCC, 

paclitaxel had no significant activity when used as a single agent therapy and calcitriol alone 

exhibited cytostatic activity (Fig. 3B). In contrast, the combination of calcitriol with paclitaxel 

resulted in significant tumor regression (Fig. 3B). 



To determine whether calcitriol plus paclitaxel combination therapy also displays 

increased antiproliferative activity in vivo in PC-3, tumor-bearing mice were treated with saline, 

calcitriol or paclitaxel alone, or calcitriol in combination with paclitaxel utilizing the dosing 

schedule described for SCC. As shown in Fig. 4A, neither paclitaxel nor calcitriol had 

significant activity when used as a single agent therapy in PC-3. However, significant antitumor 

activity was observed when PC-3 tumor-bearing mice were treated with calcitriol followed by 

paclitaxel (Fig. 4A). In this model, nearly complete inhibition of tumor growth was maintained 

for greater than two weeks. 

After day 24, PC-3 tumors in animals treated with calcitriol plus paclitaxel achieved a 

growth rate comparable to controls as determined by the slope of the growth curve (0.107 vs. 

0.102). Re-treatment of these animals with calcitriol plus paclitaxel on days 29-31 resulted in a 

decrease in the rate of tumor growth, as evidenced by a change in the slope of the growth curve 

for days 32-38 (m= 0.052) (Fig. 4B). These data indicate that previously treated tumors remain 

responsive to calcitriol plus paclitaxel and that prolonged antitumor activity may be achieved by 

repeated cycles of therapy. 

Statement ofWork- Specific Aim 2: To determine the role of calcitriol in the induction of 

apoptosis and in changes in calcium 

Paclitaxel effects on calcitriol-induced hypercalcemia. We have examined the effect of 

calcitriol and paclitaxel on tumor regression in nude mice bearing PC-3 xenografts (calcitriol 

1.25ug/day x3d + paclitaxel 20mg/kg, d3). The combination of calcitriol plus paclitaxel resulted 

in marked delay in tumor growth. We have demonstrated identical activity of this combination 

in the syngeneic Dunning rat prostate model, MLL. Treatment with paclitaxel or calcitriol alone 

resulted in limited anti-tumor effect in both systems. In addition to the enhancement of the 



antitumor effect of paclitaxel by calcitriol we also noted that the paclitaxel + calcitriol treated 

animals had less hypercalcemia than animals receiving calcitriol alone. (Table 1) Paclitaxel 

reduces urinary calcium excretion suggesting that any protective effect is likely related to effects 

of paclitaxel on calcitriol-mediated actions on gastrointestinal calcium absorption or bone 

mobilization of calcium stores.  Agents such as paclitaxel that disrupt microtubules cause 

parathyroid hormone dependent changes in Ca2+ transport and thereby abrogate hypercalcemia 

(36). Studies exploring the mechanisms and clinical application of these interactions are 

underway. 

Table 1 

Serum and Urinary Calcium in C3H/HEJ Mice Following Calcitriol, Paclitaxel and 

Zoledronic Acid Treatment 
Day3E Day4F 24 hr Urinary 

CalciumG 
Control 9.5 + /-0.2 10.2 +/- 0.4 7.5+/-0.1 
DDDA 16.9+/-0.7 18.8+/-1.4 40.2 +/- 0.8 
DDDB 

T 
9.9+/-1.5 12.2+/-1.3 6.4 +/- 0.3 

Tc 9.6+/-0.2 9.8+/-0.3 N.D. 
Zoledronic acid + 

DDDH 
12.8+/-0.3 13.2+/-0.2 N.D. 

Zoledronic acid 9.5+/-0.5 9.3+/-0.2 N.D. 

A=calcitriol 0.75ug/kg/d, Day 1,2,3; B=calcitriol 0.75ug/kg/d, Day 1,2,3 + paclitaxel (20mg/; C 
= paclitaxel (20mg/kg). E = calcium measured after day 3 of calcitriol administration; F = 
calcium measured one day after last calcitriol administration; G= 24 hour urine calcium 
measured over the last 24 hours of therapy. H= Zoledronic acid 10mg/kg day -1, calcitriol day 
1,2 and 3. 

We have developed preclinical data in the previously noted animal model that docetaxel 

blocks calcitriol induced hypercalcemia at least as effectively as paclitaxel - and calcitriol 

potentiates docetaxel antitumor effects in PC-3 in vivo. In addition, the bisphosphonate, 

zoledronic acid, also effectively blocks calcitriol-induced hypercalcemia. Fig 5 illustrates the 

effects of calcitriol, dexamethasone (dex) and docetaxel therapy in nude mice bearing human 



prostate cancer (PC-3) xenografts. We have shown previously that dexamethasone (dex) alone 

has little effect on tumor cell growth. 

Calcitriol accelerates paclitaxel-induced apoptosis independent of its effects on p21. 

Given the findings that loss of p21 sensitizes MCF-7 and HCT116 cells to paclitaxel (17,18), 

and calcitriol decreases p21 expression in SCC (14), we hypothesized that calcitriol enhances 

paclitaxel antitumor activity via its effects on p21. To test whether calcitriol treatment decreases 

p21 expression in PC-3 as it does in SCC, cells were treated in vitro with EtOH vehicle control 

or calcitriol. At various times, whole cell lysates were prepared and analyzed for p21 expression 

by Western blot. Calcitriol treatment resulted in a 60% decrease in p21 expression in PC-3 cells 

after 72h and an 80% decrease in expression after 96h (Fig. 6). 

Paclitaxel-induced apoptosis in PC-3 cells is associated with phosphorylation of Bcl-2 

(20), a modification that inactivates the apoptotic suppressor function of this protein (20-22). To 

determine whether PC-3 cells with reduced p21 expression show enhanced paclitaxel activity, 

we examined whether calcitriol pretreatment increased or accelerated paclitaxel-induced changes 

in Bcl-2 expression and apoptosis. PC-3 cells were either untreated or pre-treated with 5 uM 

calcitriol for 72h, a time sufficient for p21 down-modulation. Subsequently, cells either received 

no further treatment or were treated with paclitaxel for varying lengths of time. As a further 

control, an additional set of cells was treated concurrently with calcitriol plus paclitaxel; under 

these conditions, the calcitriol-mediated reduction in p21 would not occur prior to paclitaxel 

exposure. Inspection of treated cells revealed two morphologically distinct populations; one cell 

10 



population remained adherent following treatment while a second population detached from the 

culture dishes (floating cells). These populations were analyzed separately. 

At 24h, paclitaxel induced Bcl-2 phosphorylation in both the adherent and detached cell 

populations (Fig. 7A). Whereas unphosphorylated Bcl-2 was most abundant in the paclitaxel- 

treated adherent cells, only the phosphorylated forms of Bcl-2 were detected in the detached 

cells. Phosphorylated Bcl-2 species were still detected in both cell populations after 48h of 

treatment, but were virtually absent by 72h. Calcitriol had little effect on Bcl-2, and neither pre- 

treatment nor concurrent treatment with calcitriol altered the effects of paclitaxel on Bcl-2 

expression/phosphorylation. 

Apoptosis, ( as measured by the cleavage of the caspase substrate poly(ADP-ribose) 

polymerase, or PARP), first became evident in the detached cells after 48h of treatment (Fig. 

7B). At this time, paclitaxel treatment resulted in a 50% reduction in PARP. Although calcitriol 

itself did not induce apoptosis, it enhanced the effects of paclitaxel such that cells treated with 

calcitriol prior to or in combination with paclitaxel displayed a 78% reduction in PARP. By 72h, 

PARP was no longer detected in the cells that detached following paclitaxel administration, and 

addition of calcitriol had no further discernible effect. Calcitriol did not alter the effects of 

paclitaxel on PARP expression in the adherent cell population at any of the times examined. The 

data obtained at 48h indicate calcitriol can accelerate paclitaxel-induced apoptosis in a subset of 

PC-3 cells. 
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Calcitriol induces caspase-dependent cleavage of MEK in apoptotic cells. We 

assessed induction of apoptosis by calcitriol on the molecular level by examining PARP in 

attached and detached (floating) tumor cell populations.   After treating tumor cells (SCC and 

PC-3) as described above, the floating cells were removed from the attached cells and lysates 

of both cell populations were prepared. The number of floating cells in the medium after 

vehicle treatment was low and it was not possible to collect sufficient amounts to process for 

immunoblot analysis. As shown in Fig. 8, lysates of vehicle-treated (attached) cells, as well as 

the attached cell population of calcitriol-treated cultures, exhibited no PARP cleavage. 

However, lysates of floating cells from cultures treated with calcitriol demonstrated complete 

PARP cleavage. Taken together, these results indicate that calcitriol induces programmed cell 

death in tumor cells. The fact that PARP cleavage was exclusively observed in lysates from 

calcitriol-treated, non-attached cells and that this population is easily isolated from the attached 

cell population affords the use of this model for investigating the role of signaling pathways in 

calcitriol-induced apoptosis at the molecular level. 

The Ras-Rafl-MEK-Erk signaling pathway transduces signals from growth factor 

receptors to the nucleus which can lead not only to mitogenesis and differentiation but also to 

survival (23).   Thus, growth factor signaling may attenuate the apoptotic signal induced by 

calcitriol, or, conversely, calcitriol may attenuate growth factor signaling as part of its 

mechanism to promote programmed cell death. We investigated the effects of calcitriol on levels 

of activated MEK, a key mediator of signaling through the Ras-Rafl-MEK-Erk pathway. 

Levels of phosphorylated/activated Erkl/2 were analyzed and found to be virtually undetectable 

in the lysates of the floating cells (Fig. 9), indicating that the Ras-Rafl-MEK-Erk signaling 

pathway is completely blocked in these cells. It is perhaps noteworthy that calcitriol also 

modestly inhibited Erkl/2 in calcitriol-treated attached cells despite the fact that levels of 

12 



phosphorylated MEK and intact MEK protein were unaffected. The molecular basis of 

calcitriol-induced Erkl/2 inhibition in attached cells is currently under investigation. Erkl/2 

expression was unaltered in lysates of calcitriol-treated attached cells, and, in contrast to MEK, 

was only slightly reduced in floating cells. 

Since it is well established that programmed cell death often involves the activation of 

caspases, we examined whether these proteases might be responsible for calcitriol-induced MEK 

proteolysis. SCC cells were treated 2 days either with vehicle, calcitriol alone, or calcitriol in the 

presence of either DEVD-FMK or zVAD-FMK.    While the caspase-3 inhibitor DEVD-FMK 

had little effect on calcitriol-induced MEK proteolysis, the pan-caspase inhibitor zVAD-FMK 

nearly completely blocked the loss of MEK protein and the production of the 33 kDa MEK 

fragment (Fig. 10). Thus, the decrease in MEK expression induced by calcitriol treatment does 

not appear to be due to inhibition of MEK protein synthesis, but rather the result of caspase- 

dependent (not necessarily caspase-mediated) MEK cleavage. Caspase-dependent cleavage of 

MEK has not been previously reported. It is perhaps noteworthy that the apparent sum of the 

levels of intact MEK and the 33 kDa fragment in lysates of cells treated with calcitriol alone 

appears to be less than the total level of MEK in cells co-treated with calcitriol and zVAD-FMK. 

Calcitriol inhibits the Akt survival signaling pathway. In addition to the MEK-Erk 

pathway, a significant survival signal is also generated by the PI-3-kinase-Akt pathway. Akt was 

recently demonstrated to undergo caspase-dependent cleavage during apoptosis induced by 

treatment either with etoposide, ultraviolet-C exposure, or Fas ligation in human Jurkat leukemia 

cells (24). To assess whether this pathway is also affected in calcitriol-induced apoptosis, 

13 



immunoblot analysis was used to assess Akt phosphorylation and expression in lysates of cells 

treated with either vehicle or calcitriol. Fig 11 shows that calcitriol inhibited Akt in a manner 

similar to that of MEK effecting a strong decrease in both its phosphorylation and expression. 

Calcitriol induces MEKK-1 expression in apoptotic and non-apoptotic cells and 

promotes MEKK-1 proteolysis in apoptotic cells. Although the above results clearly indicate 

that cells undergoing vitamin calcitriol-induced apoptosis exhibit a block in the 

mitogenic/survival signaling pathways, this alone may not be sufficient to induce cells to enter 

programmed cell death. Therefore, in an effort to assess whether calcitriol treatment also 

activates stress signals that could directly promote apoptosis, tunor cells were treated with or 

without calcitriol and the expression of MEKK-1, an upstream activator of the SEK1-JNK and 

the MKK3/MKK6-p38 stress pathways, assessed by Western blot analysis. As shown in Fig. 12, 

calcitriol significantly up-regulated MEKK-1 expression in both the attached and floating cell 

populations, with expression being greater in the floating, apoptotic cells.   Longer exposures of 

the X-ray film to the Western blot ECL signal revealed multiple minor immuno-reactive bands in 

the lysates of floating cells (MW range of 85 - 190 kDa) that were not observed in those of 

attached cell. Since the anti-MEKK-1 antibody recognizes an epitope lying very near the C- 

terminus of the MEKK-1 protein, these data indicate that the products formed represent MEKK- 

1 species that have undergone N-terminal proteolysis.    Thus, some or all of the lower molecular 

weight anti-MEKK-1 positive bands produced upon treatment with calcitriol may represent 

MEKK-1 proteolytic products displaying constitutive kinase activity. 

14 



MEK cleavage and MEKK-1 up-regulation are not significantly induced by 

cisplatin. We next addressed whether the effects of calcitriol on MEK and MEKK-1 described 

above were general phenomena of tumor cells that could be observed during apoptosis induced 

by other agents or if they were selectively induced by treatment with calcitriol. Cells were 

treated either with calcitriol (10 nM) or with cisplatin (cDDP, 1 ug/ml) for 2 days, the attached 

and non-attached cell populations were separated, and lysates were prepared of both. As shown 

in Fig. 13, calcitriol and cisplatin both induced PARP cleavage in tDe floating cell populations, 

but not in the attached cell populations, demonstrating that the floating cells from both 

treatments represent only those cells induced to undergo apoptosis. Significant loss of MEK 

expression and MEK cleavage, however, were only observed for lysates of apoptotic cells from 

calcitriol-treated cultures. Although the 33 kDa MEK fragment could be observed in lysates of 

cisplatin-treated floating cells, it was typically observed at levels less than those observed for 

lysates of calcitriol-treated floating cells.   In addition, significant up-regulation of MEKK-1 

was observed only for calcitriol-treated cells, particularly in the non-attached apoptotic 

population, and limited N-terminal MEKK-1 proteolysis was exclusively observed in the 

calcitriol-treated, detached cells. Although a slight induction of MEKK-1 was observed for 

cisplatin-treated attached cells, this induction was no longer observed in the floating cells. Thus, 

caspase-dependent MEK cleavage and MEKK-1 up-regulation/proteolysis are not general 

pheneomena of apoptosis observed in these cells, but are selectively induced by calcitriol. 

Taken together, these results suggest that calcitriol induces apoptosis in tumor cells by a 

mechanism that is distinct from that of cytotoxic agents. 
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Statement of Work- Specific Aim 3: To evaluate the toxicities, MTD, pharmacokinetics of 

paclitaxel and calcitriol in patients with advanced prostate cancer 

Clinical trial results to date. 

We have treated 30 patients on the clinical trial proposed in this grant. The following is the 

treatment schedule utilized: 

Day 1 2 3 4 5 6 7 8 9 10 
Calcitriol * * * * * * 

Paclitaxel 80mg 80mg 
PK ♦ ♦ 
Paclitaxel i s given s it a dose oi ■ 80mg/sc mDl,D 10,D17i indD23, every 6 weeks 

Calcitriol is administered weekly by mouth according to the following dose escalation 

scheme: 4, 6, 8,11,13,17,22, 29, 38 and at 30% increments for subsequent escalation in 

cohorts of 3-6 patients. Studies were designed such that in each patient, paclitaxel was given on 

day 1 before calcitriol in one treatment and on day 10 after 3 days of high dose calcitriol in the 

next cycle. This permits comparison of AUC of either agent in the same patient before and after 

pretreatment with calcitriol. We have entered 30 patients on trial and have completed escalations 

through 38 jag p.o. QDX3 weekly + paclitaxel. Dose limiting toxicity has not been encountered; 

no patient has experienced a serum calcium (corrected) >1 lmg/dL. No significant 

myelosuppression was seen where ANC was a reflection of the cycles of paclitaxel with no 

difference observed in the presence of calcitriol (Figl4). Blood samples to assess plasma 

pharmacokinetics of paclitaxel when administered on Day 1 with the initiation of calcitriol and 

16 



on Day 10, after 3 days of calcitriol have been collected, as have samples for assessment of 

calcitriol pharmacokinetics. As shown in Fig 15, the AUC of paclitaxel was not different with or 

without pretreatment with calcitriol from a representative patient and when compared over the 

doses of calcitriol tested to date (Fig 16). No difference in toxicity between week 1 and week 2 

of paclitaxel as been noted, suggesting that there is no reduction in paclitaxel clearance 

associated with calcitriol administration.   Calcitriol pharmacokinetic study determined that as 

dose increased, AUC increased until we reached dose levels of calcitriol of greater than 17ug 

(Fig 17) where it appears that we have reached saturation. Additionally, none of these patients 

were hypercalcemic. Studies are ongoing to examine the metabolites of calcitriol in these patient 

samples and whether we indeed have a bioavailablity issue and can not escalate further. 

We are also conducting a concurrent phase 2 trial in androgen-independent prostate 

cancer of calcitriol (Monday, Tuesday and Wednesday) + dexamethasone ( 4mg Sunday, 

Monday, Tuesday and Wednesday). In this study we have treated 24 patients with 12ug QDX3 

of calcitriol weekly (total weekly dose 38ug/week) for at least one month. No patient has had 

hypercalcemia. Our prior studies of calcitriol alone administered on a daily oral basis indicate 

that at least 30% of individuals will develop hypercalcemia at a weekly dose of 7.5-14ug/ week. 

In individuals treated with calcitriol to retard the development of osteoporosis, doses of calcitriol 

of >14ug/week are frequently associated with hypercalcemia. Hence, failure to observe 

hypercalcemia in the present paclitaxel + calcitriol trial despite administering a weekly dose of 

calcitriol substantially higher than one would expect to be able to administer if calcitriol were 

17 



administered daily may be attributable to the intermittent schedules of calcitriol employed and/or 

the effects of either dexamethasone or paclitaxel in modulating calcitriol-induced hypercalcemia. 

We have also proposed a phase I/II clinical trial in men with hormone refractory prostate 

cancer involving calcitriol, dexamethasone, docetaxel and zoledronic acid. This trial will 

determine the maximum tolerated dose of calcitriol when given in combination with docetaxel 

75 mg/m2 + dexamethasone + zoledronic acid; examine the effect of calcitriol administration on 

docetaxel pharmacokinetics; conduct a phase II evaluation of this combination in patients with 

hormone refractory prostate cancer; and characterize the toxicity of the combination of calcitriol 

in combination with docetaxel and zoledronic acid in patients with AIPC. Docetaxel will be 

administered at a dose of 75mg/m , q3 weeks, zolendonic acid will be adminstered at a dose of 

4mg/m2, dexamethasone at 8 mg QDX5 and calcitriol lOug QDX3 (starting dose). Calcitriol 

will be escalated to 14,18,26, 30 |a.g with further escalations at 30% increments with the 

following schedule: 

Treatment Schedule, cycle #1 Only 

Dl D2 D3 D4 D5 D6 
Docetaxel X 
Dexamethasone X X X X X 
Zoledronic Acid X 
Calcitriol X X X 
Pk sampling X 

Treatment Scl ledule, cycle # 2 andt hereafter 

Dl D2 D3 D4 D5 D6 
Docetaxel X 
Dexamethasone X X X X X 
Zoledronic Acid X 
Calcitriol X X X 
Pk sampling X 

18 



Patients will be treated until there is unacceptable toxicity, evidence of progressive disease, or a 

total of six cycles in the case of stable disease. Approximately 20-30 patients will be accrued to 

the phase I portion of this study and 14-32 patients on the phase II portion, depending on the 

response. The trial is under review and will be open late 2000. 

Methods utilized: 

Tumor cells and model systems. The human prostatic adenocarcinoma cell line PC-3 

was obtained from the American Type Culture Collection (Manassas, VA). PC-3 cells are 

VDR+, androgen-independent and p53 null. For in vitro studies, cells were grown in F-medium 

supplemented with 10% FCS and 2 mM L-glutamine. In vivo, tumors were routinely produced 

by subcutaneous inoculation of 2 x 106 log-phase tissue culture cells mixed 1:1 with Matrigel in 

the right flank of nude mice (Taconic Farms, Germantown, NY). Studies were initiated 8 days 

later when tumors were palpable. 

SCCVII/SF is a moderately well differentiated squamous cell carcinoma derived from a 

spontaneously arising tumor of the C3H mouse (15). Murine SCCVII/SF squamous cell 

carcinoma cells were obtained from Dr. Karen Fu (University of San Francisco, CA). They were 

transplanted as previously described in 6- to 10-week old female C3H/HeJ mice (obtained from 

The Jackson Laboratory, Bar Harbor, ME). For in vitro studies, cells were grown in RPMI-1640 

medium plus 15% FCS (HyClone Laboratories, Inc., Logan, UT) and passed only twice before 

being returned to the animals. In vivo, tumors were routinely produced by subcutaneous 
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inoculation of 5 x 105 log-phase tissue culture cells in the right flank of each mouse. Studies 

were initiated approximately 9 days later when the tumors were palpable. 

Chemicals and reagents. Calcitriol (Hoffmann-LaRoche, Nutley, NJ) was reconstituted 

in 100% ethyl alcohol and stored protected from light under a layer of nitrogen gas at -70 C. All 

handling of calcitriol was performed with indirect lighting. Paclitaxel (Bristol-Myers Squibb, 

Princeton, New Jersey) was purchased as a 6 mg/ml solution in Cremophor EL and was diluted 

in tissue culture medium or sterile saline just prior to use. The antibodies used in these studies 

were monoclonal mouse anti-PARP (Enzyme Systems, Livermore, CA) and monoclonal mouse 

anti-human Bcl-2 (DAKO Carpinteria, CA). Monoclonal anti-caspase-3 and polyclonal rabbit 

anti-p21 were from PharMingen (San Diego, CA). Anti-rabbit and anti-mouse horseradish 

peroxidase-conjugated secondary antibodies were purchased from Amersham Life Sciences 

(Arlington Heights, IL) and Promega (Madison, WI), respectively. 

Clonogenic tumor cell survival assays. Tumor cells were incubated for 24 hours in T25 

flasks (Corning Costar Corp., Cambridge, MA) with or without calcitriol. Cells were then either 

left untreated, or were treated with various concentrations of paclitaxel for an additional 24 

hours. The cells were then harvested, counted, and re-plated at various dilutions into 6-well 

tissue culture plates (Corning Costar). After a 7-day incubation at 37 C in a humidified 

atmosphere containing 5% C02, cell monolayers were washed with saline, fixed with 100% 

methanol, and stained with 10% Giemsa. Colonies were counted with the use of a light 

microscope. To calculate the surviving fraction, jhe cloning efficiency of treated cells was 

divided by the cloning efficiency of untreated, control cells. 
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In vivo clonogenic assay. The in vivo effect of paclitaxel with and without calcitriol on 

clonogenic tumor cells was determined by a modification of the in vivo clonogenic cell survival 

assay as described previously (16). Briefly, mice with 9-day squamous cell carcinomas (three to 

five animals per group) were treated with saline or 2.5 (g calcitriol each day for 3 days. On day 

3, mice also received varying doses of paclitaxel. Twenty-four hours after the last injection, the 

animals were sacrificed and their tumors excised. Aliquots of minced tumor were enzymatically 

dissociated for 60 minutes at room temperature with a mixture of type I collagenase, 

deoxyribonuclease, and EDTA. Viable tumor cells were then plated at various dilutions in 6- 

well tissue culture plates. After incubation for 7 days, colonies were counted and the numbers of 

clonogenic cells per gram of tumor was calculated. The surviving fraction per gram of tumor is 

defined as the number of clonogenic tumor cells per gram of treated tumor divided by the 

number of clonogenic tumor cells per gram of control, untreated tumor. 

Tumor growth inhibition. To examine the in vivo antitumor activity of calcitriol, 

paclitaxel, or the combination of calcitriol with paclitaxel, treatment was initiated on animals 

bearing palpable PC-3 or SCC tumors. Animals were treated for 3 days with single, daily 

injections of saline or calcitriol. On day 3, animals also received a single intraperitoneal injection 

of paclitaxel. Tumor measurements were obtained using calipers prior to initiating treatment 

(initial tumor volume) and on the days indicated. On day 3, animals also received a single 

intraperitoneal injection of paclitaxel. Tumor measurements were obtained using calipers prior 

to initiating treatment (initial tumor volume) and every day thereafter. Tumor volumes were 

calculated by the following formula: volume = (length * width^)/2. 
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Preparation of cell lysates and Western blot analysis. Protein was extracted from in 

vitro treated cells using lysis buffer (1% Triton X-100,0.1% SDS, 50 mM Tris, 150 mM NaCl, 

0.6 mM PMSF, and 5 g/ml leupeptin). Cell monolayers were washed twice with PBS, and 200 

mil of lysis buffer was added per T25 flask. Flasks were rocked for 30 min at 4 C. Lysates were 

tranferred to 1.5 ml Eppendorf tubes and clarified by centrifugation at 13,000 rpm for 10 min at 

4 C. Proteins were quantitated in duplicate using the Bio-Rad protein assay (Bio-Rad 

Laboratories, Hercules, CA) according to manufacturer's directions. Protein lysates were stored 

at -80 C before use. Proteins were resolved on SDS-polyacrylamide gels under denaturing 

conditions, and then electrophoretically transferred to poly(vinylidene difluoride) (PVDF) 

membranes (NEN Life Science Products, Boston, MA) overnight at 4°C. At room temperature, 

membranes were blocked for a minimum of lh in a 5% w/v solution of non-fat milk in TBST (10 

mM Tris, pH 7.6, 150 mM NaCl, 0.05% Tween-20) then incubated for lh with primary antibody. 

The blots were washed 3x in TBST and subsequently incubated with secondary antibody 

conjugated with horseradish peroxidase for lh. The blots were again washed and the proteins 

detected using Renaissance Western blot chemoluminescence reagents (NEN Life Science 

Products). 

Cell cycle analysis. The effect of various treatments on tumor cell cycle was determined 

using a detergent-trypsin method to stain nuclei for DNA analysis using flow cytometry as 

described by Vindelov et al (17).   Tumor cells were seeded in T25 flasks at varying 

concentrations determined to produce 80-90% confluence upon harvest after the desired 

incubation interval. Twenty-four hours after plating, the cells were either left untreated or were 
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treated with calcitriol alone, paclitaxel alone, or the combination of calcitriol plus paclitaxel for 

varying lengths of time at 37 C. Following treatment, the media containing floating cells was 

harvested, and trypsin was added to the adherent cell monolayer. The resulting single cell 

suspension was diluted with fresh media, pooled with the floating cells, and centrifuged for 5 

min at 800 rpm. The cell pellet was resuspended in citrate buffer (250 mM sucrose, 40 mM 

citrate, 5% DMSO) and flash frozen in dry ice/EtOH before storage at -80 Cjx. Nuclei were 

subsequently isolated and stained with propidium iodide as described . The stained nuclei were 

filtered using 30 m nylon mesh and analyzed using a FACSTAR flow cytometer. 

YO-PRO-1 Staining^ Cells were harvested for YO-PRO-1 staining as described above, 

spun down, resuspended in PBS to a concentration of 1.0 - 1.5 x 106 cells/ml, and the percent of 

apoptotic cells measured using the Vybrant Apoptosis Assay Kit #4 (Molecular Probes). 

According to the manufacturer's instructions, 1.0 Dl each of YO-PRO-1 dye and propidium 

iodide solutions were added to 1.0 ml aliquots of suspended cells, allowed to incubate for at least 

20 min, and subsequently analyzed by flow cytometry. 

Clinical Trial. In conjunction with these preclinical studies we are conducting a phase 

one clinical trial of paclitaxel, 80mg/sqm, administered weekly for four weeks, followed by two 

weeks of rest. Calcitriol is administered orally daily for three days each week starting two days 

prior to the weekly paclitaxel dose, in escalating doses in cohorts of three patients per dose 

escalation level. The starting dose for this phase one trial was 4ug QD X3, weekly. Serum 

calcium, phosphorus, creatinine and CBC are monitored weekly, physical exam is performed q6 
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weeks and antitumor effect is assessed monthly. This trial is open to patients with advanced solid 

tumors for whom no curative or more effective therapy is available. 
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Key Research Accomplishments 

• In prostate models, pre-treatment with calcitriol enhances paclitaxel-mediated anti-tumor 

activity invitro and invivo and these effects are schedule dependent 

• Weekly treatment with cycles of calcitriol (dailyX3) and paclitaxel on day 3 prolonged 

tumor growth inhibition in PC-3 and SCC 

• Calcitriol pre-treatment reduced p21 expression and accelerated paclitaxel-induced PARP 

cleavage in PC-3 cells 

• Calcitriol accelerates paclitaxel-induced apoptosis and calcitriol-mediated reduction in p21 is 

not required for the increase in paclitaxel cytotoxicity 

• Calcitriol cleaves MEK in a caspase-dependent manner 

• Calcitriol inhibits Akt survival signaling, induces MEKK-1 expression and inhibits MEK- 

Erkl/2 

• Calcitriol and not cisplatin induces significant loss of MEK, MEK cleavage and up- 

regulation of MEKK-1 

• Paclitaxel and bisphospphonates (zolendonic acid) decrease calcitriol-mediated hypercalemia 
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• Patients with advanced cancer are treated with weekly cycles of calcitriol (dailyX3) plus 

paclitaxel (on day3) and have been evaluated for toxicity, determination of MTD and 

pharmacokinetic effects. To date, the MTD has not been reached and the trial continues to 

accrue. 

• No dose limiting toxicity has been encountered at 38ug dose of calcitriol po QDX3 and 

weekly paclitaxel 

• No change in peak concentration, AUC or T1/2 has been noted to date in the two schedules 

(DDD-paclitaxel and paclitaxel-DDD) 
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Reportable Outcomes 

Manuscripts: 

P.A. Hershberger, W.D. Yu, R.A. Modzelewski, R. M. Rueger, Z. R. Shurin, C.S. Johnson, and 

D.L. Tramp. 1,25-dihydroxycholecalciferol (1,25-Ds) potentiates the antitumor activity of 

paclitaxel in murine squamous cell carcinoma and human prostatic adenocarcinoma. Cancer 

Res. (2001) 

T.F. McQuire, D.L. Trump and C.S. Johnson. Vitamin D3 selectively promotes caspase- 

dependent cleavage of MEK, up-regulates MEKK-1 and induces apoptosis in murine squamous 

cell carcinoma cells. J. Biol. Chem. (in press) 

Abstracts: 

Yu W-D, Bernardi RJ, Hershberger PA, Johnson C. S., and Trump DL. Effects of Calcitriol on 

the Glucocorticoid Receptor and the Role of Cross-talk in the Anti-Proliferative Effects of the 

Combination of Calcitriol and Dexamethasone. Proc. Amer. Assoc. Cancer Res. 41, 772 (2000). 

McGuire TF, Brallier J, Trump DL, and Johnson C.S. 1,25-Dihydroxycholecalciferol 

(calcitriol) inhibits mitogen-activated protein kinase activity without significantly affecting MEK 

activity in Murine Squamous Cell Carcinoma Cells. Proc. Amer. Assoc. Cancer Res. 41, 428 

(2000). 
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Rueger RM, Blum KE, Johnson C.S., and Trump DL. The Bisphosphonate Zoledronate 

(CGP42446) Significantly Decreases Calcitriol Mediated Hypercalcemia. Proc. Amer. Assoc. 

Cancer Res. 41,281 (2000). 

Hershberger PA, Modzelewski RA, Rueger RM, Blum KE, Trump DL, and Johnson C.S. 

Enhanced Anti-Tumor Efficacy With Dexamethasone/Calcitriol/Cisplatin Therapy: Role of 

P21WAFI   pr0c ^^ Assoc Cancer Reg 4j515 (2000) 

Trump DL, Serafine S, Brufsky A, Muindi J, Bernardi R, Potter D, and Johnson C.S. High 

Dose Calcitriol (l,25(OH)2 Vitamin D3) + Dexamethasone in Androgen Independent Prostate 

Cancer (AIPC). Ann. Oncol. 19, 337a (2000). 

Johnson, C.S., Egorin MJ, Zuhowski E, Parise R, Cappozolli M, Belani CP, Long GS, Muindi J, 

and Trump, DL. Effects of High Dose Calcitriol (1,25 Dihydroxyvitamin D3) on the 

Pharmacokinetics of Paclitaxel or Carboplatin: Results of Two Phase I Studies. Ann. Oncol. 19, 

210a (2000). 

Presentations: 

Invited Speaker: Donald L. Trump, M.D. Seventh Annual Brown University Symposium on 

Vitamin D, Providence, Rhode Island, September 29, 2000 "Vitamin D in the Treatment of 

Cancer Clinical Studies." 
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Invited Speaker: Donald L. Trump, M.D. CaPCURE Seventh Annual Scientific Retreat 

Program, Lake Tahoe, Nevada, September 22, 2000 "Clinical and Preclinical Evaluation of 1,25 

Dihydroxyvitamin D (Calcitriol) in Combination with Dexamethasone, Bisphosphonates and 

Cytotoxic Agents in Advanced Prostate Cancer. 

Invited Speaker: Donald L. Trump, M. D. Eleventh Workshop on Vitamin D, Nashville, 

Tennessee, May 28, 2000 "Vitamin D and Vitamin D Analogues; Clinical development in 

anticancer applications." 

Patents: 

"Use of Pretreatment Chemicals to Enhance Efficacy of Cytotoxic Agents". 

Johnson, C.S. and Trump, D.L, Inventors. 

US Patent # 6,087,350. 

European Patent #1 030 670. 

Individuals whose salaries were partially paid by DAMD 17-98-1-8549: 

Donald L. Trump Robert Rueger 

Candace S. Johnson Terry McGuire 

Doug Potter Jill Tauch 

Josh Muindi Amy Gedeon 
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Conclusions 

Based on epidemiologic findings, Schwartz and Hulka proposed a protective role for 

calcitriol in prostate cancer (25). Subsequently, the antiproliferative activity of calcitriol on 

prostatic adenocarcinoma cell lines in vitro (1,2,11) and in vivo (1,26) was demonstrated. 

Antiproliferative effects of calcitriol were also observed in a pilot clinical trial in which, in a 

small set of patients with early, recurrent prostate cancer, calcitriol decreased the rate of PSA 

rise, resulting in an increase in PSA doubling times (27). PSA responses have also been observed 

in our ongoing phase II trial of calcitriol plus dexamethasone (dex) in hormone refractory 

prostate cancer (28). In this trial, 8-12 u-g calcitriol is given orally Monday, Tuesday, and 

Wednesday each week with 4 mg dex given Sunday, Monday, Tuesday, and Wednesday. Among 

evaluable patients, 21% experienced a greater than 50% decrease in PSA, and 79% experienced a 

decrease in PSA velocity. In a further effort to develop new calcitriol based therapies for 

advanced malignancy, we investigated the effect of combining calcitriol with cytotoxic agents. 

Preclinically we demonstrate that there is an increase in anti-tumor activity in prostatic 

adenocarcinoma using calcitriol in combination with paclitaxel in vitro and in vivo as measured 

in clonogenic assays and tumor growth inhibition studies. Based upon these findings, we 

propose that calcitriol plus paclitaxel combination therapy may have utility in the treatment of 

patients with prostate cancer. 

The clinical use of calcitriol may be restricted by its dose-limiting toxicity, 

hypercalcemia. However, a variety of calcitriol analogs, including ILX-23-7553 and EB1089, 

have been described which possess antiproliferative activity in vivo without inducing 
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hypercalcemia (7,29). It has recently been shown that EB1089, when combined with paclitaxel, 

inhibits the growth of MCF-7 breast cancer cells in vivo (30). Further, we observe that paclitaxel 

appears to attenuate calcitriol mediated hypercalcemia in pre-clinical models and our ongoing 

phase 1 clinical trial (31). Agents that disrupt or stabilize microtubules can inhibit calcium 

transport, which may account for this activity (32). Thus, paclitaxel and either calcitriol or 

analogs may be a safe and effective combination in the treatment of human cancer. 

We have further demonstrated that calcitriol enhances paclitaxel antiproliferative activity 

in vitro and in vivo in the murine squamous cell model, SCCVII/SF. A previous report indicates 

that these cells are relatively resistant to paclitaxel in vivo at a concentration of 40 mg/kg (33). 

We found that although paclitaxel (20 mg/kg) has little activity when administered to tumor- 

bearing mice as a single agent, pre-treatment with calcitriol yields substantial antitumor activity 

(Fig. 3B). These data suggest that calcitriol and paclitaxel combination therapy may be useful 

even in the treatment of tumors that are paclitaxel insensitive. 

Paclitaxel cytotoxicity is increased in MCF-7 breast cancer cells and HCT116 colon 

cancer cells when p21 expression is specifically perturbed (17, 18). Since calcitriol treatment 

reduces p21 expression in the SCC model (14) and in PC-3 cells (Fig. 5), we hypothesized that 

calcitriol might enhance the antitumor activity of paclitaxel via its effect on p21. To test this, we 

examined whether paclitaxel effects were enhanced in cells pre-treated with calcitriol (p21 low) 

vs cells which received concurrent calcitriol (baseline p21) and paclitaxel. 
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Paclitaxel-mediated apoptosis in LNCaP and PC-3 prostate cancer cells has been 

associated with Bcl-2 phosphorylation and inactivation (20) and/or down-modulation of the 

related apoptotic suppressor, BC1-XL (34). Consistent with these results, we found that within 

24h, paclitaxel treatment resulted in phosphorylation of the apoptotic suppressor protein, Bcl-2. 

Loss or inactivation of Bcl-2 in prostate cancer cells following paclitaxel administration has been 

proposed to promote cell death by shifting the intracellular balance of death regulators in favor 

of pro-apoptotic molecules such as Bax (20). In our studies, paclitaxel-mediated changes in the 

intracellular levels of Bcl-2 temporally precede the loss of full-length PARP, suggesting that they 

may initiate the apoptotic program. 

Although calcitriol had no effect on paclitaxel modulation of Bcl-2, calcitriol accelerated 

paclitaxel-induced apoptosis in cells that detached following treatment (Fig. 6B). This was most 

evident after 48h, where addition of calcitriol prior to or concurrent with paclitaxel resulted in a 

greater reduction in full-length PARP than administration of paclitaxel alone. Since the 

enhancement of paclitaxel effect did not depend on the schedule of calcitriol administration, it is 

unlikely that calcitriol increased paclitaxel activity in PC-3 via its effects on p21. 

Wang et al. recently demonstrated that calcitriol pre-treatment increases paclitaxel 

induction of cell death and paclitaxel antitumor activity in vitro in MCF-7 breast cancer cells 

(35). However, in contrast to our findings, calcitriol modestly increased the effect of paclitaxel 

on Bcl-2 phosphorylation. Comparison of these two studies reveals that although a 24h exposure 

to lOOnM paclitaxel results in minimal Bcl-2 phosphorylation in MCF-7, this exposure results in 
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strong induction of Bcl-2 phosphorylation in PC-3. This strong induction may have prohibited 

the detection of a subtle effect of calcitriol on paclitaxel-mediated Bcl-2 phosphorylation in 

PC-3. 

Studies described above strongly suggest that calcitriol induces programmed cell death 

in SCC cells via the induction of the pro-apoptotic signaling molecule MEKK-1 while blocking 

pro-survival signals from the MEK-Erk and Akt pathways. Based on these findings, we propose 

that, prior to commitment to apoptosis, calcitriol up-regulates MEKK-1 in non-apoptotic, 

attached cells , but at levels which are insufficient to overcome the opposing effects of the MEK- 

Erk and Akt survival pathways. Unknown factors then trigger limited activation of caspases, 

including an unidentified caspase (or caspase-dependent protease; discussed below) that is 

selectively activated in calcitriol-treated cells. This caspase activity promotes MEK cleavage 

and removal of the MEK-Erk pro-survival signal.   Furthermore, caspase-dependent proteolysis 

of Akt kinase occurs (24) and results in abrogation of this survival signal as well. Finally, 

MEKK-1 undergoes partial proteolysis at its N-terminal regulatory domain, producing species 

that exhibit constitutive activity, further activating caspases and significantly enhancing the pro- 

apoptotic signal. Activation of the MEKK-1-mediated stress pathway(s), without the presence of 

offsetting anti-apoptotic signals, is proposed to be sufficient for committing cells to enter 

apoptosis. 

The results presented herein shed light on the molecular events involved in calcitriol- 

induced apoptosis and provide a biochemical basis for the use of calcitriol (and calcitriol 

analogues) in the treatment of cancer. Indeed, clinical trials are currently underway here to 
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assess the efficacy of calcitriol-based compounds both as a single agent as well as in 

combination with traditional chemotherapeutic agents.   It is intriguing to speculate, based on the 

results described above, that calcitriol may be priming the cells to exhibit heightened sensitivity 

to the cytotoxic regimen by either up-regulating MEKK-1 expression/activity, inducing a 

calcitriol-selective caspase/protease, or both. 

In summary, our data demonstrate that calcitriol enhances paclitaxel antitumor activity in 

PC-3 and SCC cells in vitro and in vivo and indicate that novel calcitriol/ paclitaxel based 

combination therapies may have significant clinical utility in the treatment of a variety of solid 

tumors including prostate cancer. 
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Figure legends: 

Fig. 1. Dose-response curves of SCC cells treated in vitro with calcitriol (1,25-D3) alone (A), 

with varying doses of paclitaxel alone (O), pre-treated with 1,25-D3 followed by paclitaxel (•), 

or treated simultaneously with 1,25-Ü3 plus paclitaxel (A), as measured by growth inhibition in 

the 7-day in vitro clonogenic assay. In pre-treated cells, 1,25-D3 was added 24h prior to 

paclitaxel. Cells were exposed to paclitaxel for 24h. 1,25-Ü3 was used at a concentration of 4 

nM. Each point represents the mean surviving fraction as determined by counting triplicate 

wells; error bars represent the 95% confidence intervals. Note that the symbol for the 1,25-D3 

alone treatment group is arbitrarily placed with respect to the x-axis. Values for pre-treatment 

with 1,25-D3 followed by paclitaxel are significantly different than those obtained for paclitaxel 

alone; *,p< 0.01. 

Fig. 2. Dose-response curves of PC-3 cells treated in vitro with 1,25-D3 alone (A), with varying 

doses of paclitaxel alone (O), or pre-treated with 1,25-Ü3 for 24h followed by paclitaxel (•) as 

measured by growth inhibition in the 7-day in vitro clonogenic assay. Cells were exposed to 

paclitaxel for 24h. 1,25-03 was used at a concentration of 5 [iM. Each point represents the mean 

surviving fraction as determined by counting triplicate wells; error bars represent the 95% 

confidence intervals. Note that the symbol for the 1,25-D3 alone treatment group is arbitrarily 

placed with respect to the x-axis. Values for pre-treatment with 1,25-D3 followed by paclitaxel 

are significantly different than those obtained for paclitaxel alone; *, p<0.0004. 



Fig. 3. 1,25-D3 increases paclitaxel antitumor activity in SCC in vivo. (A) SCC tumor bearing 

mice were treated with saline (O) or 2.5 |ig 1,25-D3 each day for 3 days (•). On the third day, 

mice also received varying intraperitoneal doses of paclitaxel (0 to 60 mg/kg). Twenty-four 

hours later, tumors were harvested, dissociated, and plated in the excision clonogenic assay. 

Colonies were enumerated after 7 days. Each point represents the mean surviving fraction for 

total clonogenic cells per gram of tumor (3 to 5 mice per treatment group). (*)Values for 

treatment with 1,25-D3 followed by paclitaxel are significantly different than those obtained for 

paclitaxel alone; p<0.01. (B) C3H mice bearing palpable, subcutaneous SCC tumors were treated 

with either saline (D), 1.25 \xg 1,25-Ü3 daily for 3 days (A), 20 mg/kg paclitaxel on day 3 (O), 

or the combination of 1.25 (ig 1,25-Ü3 daily for 3 days plus 20 mg/kg paclitaxel on day 3 (•). 

Both agents were administered i.p. Tumor measurements were obtained on the days indicated, 

and fractional tumor volumes calculated as described in Materials. Data points represent the 

mean fractional tumor volume ± SD for 5 animals per group. Values significantly different from 

no treatment are shown: *, p < .01. 

Fig. 4. 1,25-D3 increases paclitaxel antitumor activity in PC-3 in vivo. (A) Nude mice bearing 

palpable, subcutaneous PC-3 tumors were treated with either saline (D), 0.75 |ig 1,25-D3 daily 

for 3 days (A), 10 mg/kg paclitaxel on day 3 (O), or the combination of 0.75 (j.g 1,25-D3 daily 

for 3 days plus 10 mg/kg paclitaxel on day 3 (•). Both agents were administered i.p. Fractional 

tumor volumes were calculated as described in the legend for Fig. 3B. Data points represent the 

mean fractional tumor volume + SD for 5 animals per group. Arrows indicate treatment days. 



(B) Animals previously treated with 1,25-Ü3 plus paclitaxel on days 8-10 were treated with a 

second cycle of therapy on days 29-31. 

Fig 5. Antitumor activity of calcitriol and docetaxel.   Fractional tumor volume (mean ± SD) 

of PC-3 tumor bearing mice (8-10 per group) either untreated (o), treated with a single dose of 

docetaxel (lmg/kg) with dex (9 ug/mouse, daily x 4; -1,1,2, 3) (•), or pre-treated with calcitriol 

(0.75 ug/day x 3 days)/dex (D) and in combination (■). 

Fig. 6. 1,25-D3 modulates expression of the cdk inhibitor p21 in PC-3 cells. Whole cell lysates 

were prepared from subconfluent PC-3 cells treated in vitro with EtOH solvent control or 5 uM 

1,25-D3 for 24-96h. Proteins were resolved on SDS-polyacrylamide gels under denaturing 

conditions, transferred to PVDF membrane, and analyzed by Western blot using polyclonal anti- 

p21 antibodies. Protein expression levels were quantitated by densitometry and are expressed as 

a percentage of EtOH control at each time point. 

Fig. 7. Paclitaxel modulates expression of apoptosis associated proteins Bcl-2 and PARP in PC- 

3 cells. Whole cell lysates were prepared from subconfluent PC-3 cells treated in vitro with 

EtOH, 5 uM 1,25-D3j 100 nM paclitaxel (ptx), or 5 uM 1,25-D3 concurrent with (l,25D3+ptx) 

or prior to (l,25-D3/ptx) 100 nM paclitaxel. 1,25-D3 pre-treatment was for 72h. Time points are 

hours post paclitaxel addition. Proteins were resolved on SDS-polyacrylamide gels under 

denaturing conditions, transferred to PVDF membrane, and analyzed by Western blot using 

antibodies raised against (A) Bcl-2 or (B) PARP. (*) No floating cells were obtained. 



Fig 8. Calcitriol induces apoptosis in tumor cells in vitro.   Cells were treated with either vehicle 

(< 0.001 % ethanol, EtOH) or 10 nM calcitriol in RPMI medium containing 12 % fetal bovine 

serum (FBS). After 2 days, cells were processed for Western blotting. Immunoblot analysis 

with anti-PARP indicates that the floating population of cells (but not the attached cells) are 

apoptotic. 

Fig 9. Calcitriol induces MEK cleavage and blocks MEK-Erkl/2 signaling. Cells were treated 

and processed for immunoblotting to assess the phosphorylation/activation and expression of 

MEK and Erkl/2 . Cleavage fragments appeared at either 33 kDa or 28 kDa in apoptotic cell 

populations. 

Fig 10.   Calcitriol-induced MEK cleavage and inhibition of MEK-Erk signaling is inhibited by 

zVAD. Cells were treated and lysates prepared and subjected to immunoblotting with 

appropriate antibodies. 

Fig 11.   Cells were treated 2 days and then processed for immunoblotting with anti-phospho-Akt 

and anti-Akt antibodies. 

Fig 12.   Calcitriol induces MEKK-1 expression and proteolysis in apoptotic cells. (A) cells 

were treated 2 d and then processed for anti-MEKK-1 immunoblotting to assess MEKK-1 

expression. (B) cells were treated for either 1 or 2 d and then processed as described above. 

Fig 13.   Calcitriol and cisplatin both induce PARP cleavage but only calcitriol induces 

significant loss of MEK expression, MEK cleavage, and up-regulation/proteolysis of MEKK-1. 



Cells were treated 2 d with either vehicle, 10 nM calcitriol or 1 Dg/ml cisplatin (cDDP) and 

processed for immunoblotting to assess PARP cleavage, MEK expression/cleavage, and MEKK- 

1 expression/proteolysis. These results suggest that MEK cleavage is not a general phenomenon 

of apoptosis (as is PARP cleavage), but is selectively induced by calcitriol. 

Fig 14. Absolute neutrophil counts from patients(#l-4) treated with paclitaxel and calcitriol 

(4ug) at various times post-treatment with calcitriol (at day 0). 

Fig 15.   Mean plasma paclitaxel concentrations from a representative patient on day 0 (•) and 

day 10 (o). 

Fig 16.   Comparison of the AUC of paclitaxel from the two courses (DDD-paclitaxel and 

paclitaxel-DDD) Each dot represents results from a single patient. 

Fig 17.    Serum calcitriol AUC from patients treated with paclitaxel and calcitriol. Each dot 

represents data from an individual patient. 
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Calcitriol (1,25-DihydroxycholecaIciferol) Enhances Paclitaxel 
Antitumor Activity in Vitro and in Vivo and Accelerates 
Paclitaxel-induced Apoptosis1 

Pamela A. Hershberger,2 Wei-Dong Yu, 
Ruth A. Modzelewski, Robert M. Rueger, 
CaMace S. Johnson, and Donald L. Trump 
Departments öf Pharmacology [P. A. H., W-D. Y., R. A. M., R. M. R.. 
C. S. J.], Medicine [C. S. J„ D. L. T.], and Surgery [D. L. T.] and the 
University of Pittsburgh Cancer Institute [C. S. J., D. L. T.], 
University of Pittsburgh, School of Medicine. Pittsburgh, 
Pennsylvania 15213 

larly by pretreatment or concurrent treatment with calcit- 
riol. We therefore propose a model for calcitriol enhance- 
ment of paclitaxel cytotoxicity in which the "early" (24 h) 
effects are schedule dependent and not attributed to en- 
hancement of paclitaxel-induced apoptosis. In contrast, the 
"delayed" (48-h) enhancement of paclitaxel activity by cal- 
citriol is schedule independent and associated with acceler- 
ation of apoptosis. 

ABSTRACT 

We demonstrated that calcitriol has antiproliferative 
activity in sqüämöus cell carcinoma and prostatic adenocar- 
änoffiä and enhances the antitumor activity of platinum- 
based agents. In this study, we examined whether calcitriol 
also increases paclitaxel cytotoxicity. The effect of treatment 
on growth of the murine squamous cell carcinoma (SCCVH/ 
SF) and human prostatic adenocarcinoma (PC-3) was deter- 
mined by donögenic assay, 3-(4,5-dimethylthiazoU2-yl)-2;5- 
dlphenyltetragölhim bromide assay, and monitoring tumor 
growth. Treatment of SCC or PC-3 cells in vitro with eateit>. 
rlol prior to paclitaxel significantly reduced clonogeffig Sür= 
vival compared with either agent alone. Median-dose effect 
analysis revealed that calcitriol and paclitaxel interact syn- 
ergistically. Treatment of SCC or PC-3 tumor-bearing mice 
with calcitriol prior to paclitaxel resulted in substantially 
greater growth inhibition man was achieved with either 
agent alone, Supporting the combined use of eäicitfiei and 
paclitaxel in the treatment of solid tumors; To explore the 
molecular basis for the enhanced antitumor activity of this 
combination, the effect of treatment on p21Waf'1 (p21), 
Bcl-2, and poly(ADP-ribose) polym8i?äse' expression was 
evaluated in PC-3. A 72-h pretreatment with ealeitfiel re- 
duced p21 expression and increased paclitaxel eytfltesidty 
(measured after 24 h) without evidence of apoptosis [pöiy» 
(ADP-ribose) polymgFäSe cleavage]. After 48 h, paclitaxel 
induced apoptosis, the extent of which was increased simi- 
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INTRODUCTION 
In addition to its classical role in bone and mineral metab- 

olism, the seco-steroid hormone, vitamin- D3 (calcitriol, 1,25- 
dThydroxycholecalciferol) has antiproliferative activity in solid 
tumor models both in vitro (1-7) and in vivo (1, 4, 7, 8). 
Calcitriol binding activates the vitamin D receptor, a member of 
the steroid nuclear receptor superfamily, resulting in modulation 
of the transcription of target genes (9). Calcitriol treatment 
induces expression of the cdk3" inhibitors, p21Wllfl/Cie1 (P21) 
and/or p27ldpJ (p27), in breast (10), prostate (11), and pancreatic 
cancer cell lines (6) in vitro. These proteins block progression 
into S-phase bv binding to and inhibitins cyc'iinxdk complexes 
(12), 

We determined that calcitriol inhibits growth of the murine 
SCC SCCVII/SF (2, 7) and the growth and metastatic potential 
of the Dunning rat prostatic adenocarcinoma, Mat-iylti (I). We 
subsequently evaluated the use of calcitriol in combination with 
oytotoxic agents and found that calcitriol synergistically en- 
hanced the antitumor activity of cisplatin and carboplatin in 
vitro and in vivo, and that these effects were schedule dependent 
(13). 

In SCC, mechanistic studies revealed that calcitriol induces 
Go-G'i arrest (13), a decrease in Rb phosphorylation, an increase 
in expression of p27, and a decrease in expression of p21 (14), 
Expression of p21 is also reduced in SCC tumors harvested from 
animals treated with therapeutic doses of calcitriol (14). These 
findings suggest that p21 down-modulation may be a compo- 
nent of the mechanism by which calcitriol exerts antiprolifera- 
tive activity. 

Recent studies indicate that a reduction in p21 expression 
sensitizes tumor cells to both DNA-damaging agents (15, 1.6) 
and microtubule-diamaging agents such as paclitaxel (17-19). In 
MCF-7 breast carcinoma cells, paclitaxel induces p21 expres- 
sion; treatment of these cells with antisense p21 oligonucleo- 

3 The abbreviations used are: cdk, cyciin-depenaent kinase; SCC, squa- 
mous cell carcinoma: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe- 
nyltetrazolium bromide; PARP, poly (ADP-ribose) polymerase; CI, 
combination index; PSA, prostate-specific antigen; PVDF, polyvinyli- 
dene difluoride. 
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tides increases paclitaxel cytotoxicity (17). Similarly, paclitaxel 
antitumor activity is increased in vitro and in vivo in HCT116 
colon carcinoma cells made deficient in p21 expression (18). 
Compared with p21+/+ controls, these cells displayed an in- 
crease in paciitaxel-induced apoptosis. 

Given the ability of calcitriol to decrease p21 expression in 
SCC in vitro and in vivo and the reported association between 
reduced expression of p21 and increased sensitivity to pacli- 
taxel, we hypothesized that calcitriol would enhance the antim- 
mor activity and apoptosis-promoting ability of paclitaxel. 

MATERIALS AND METHODS 
Tumor Cells and Model Systems. SCCVTI/SF is a mod- 

erately well-differentiated SCC derived from a spontaneously 
arising tumor of the C3H mouse (20). SCCVII/SF cells were 
obtained from K. Fu (University of San Francisco, San Fran- 
cisco, CA). They were transplanted in 6-10-week-old female 
C3H/HeJ mice (obtained from The Jackson Laboratory, Bar 
Harbor. ME). For in vitro studies, cells were grown in RPMJ 
1640 containing penicillin-streptomycin and 15% FCS (Hy- 
Clone Laboratories. Inc., Logan, UT) at 37°C in a humidified 
atmosphere containing 5% C02. In vivo, SCCs were routinely 
produced by s.c. inoculation of 5 X 103 log-phase tissue culture 
cells in the right flank of each mouse. Studies were initiated ~9 
days later when tumors were palpable. 

The human prostatic adenocarcinoma cell line PC-3 was 
obtained from the American Type Culture Collection (Manas- 
sas. VA). For in vitro studies, cells were grown in F-12K 
medium containing penicillin-streptomycin and 10% FCS and 2 
mM L-glutamine at 37°C in a humidified atmosphere containing 
5% CO-,. In vivo, adenocarcinomas were routinely produced by 
s.c. inoculation of 2 X 10°' log-phase tissue culture cells mixed 
1:1 with Matrigei (Becton Dickinson, Bedford, MA) in the right 
flank of each nude mouse (Taconic Farms, Germantown. NY). 
Studies were initiated when tumors were palpable. Animals 
were used in accordance with Institutional Animal Care and Use 
Committee guidelines. 

Chemicals and Reagents. Calcitriol (Hoffmann- 
LaRoche, Nutley, NJ) was reconstituted in 100% ethanol and 
stored protected, from light under a layer of nitrogen gas at 
-70°C. All handling of calcitriol was performed with indirect 
lighting. Paclitaxel (Taxol; Bristol-Myers Squibb, Princeton, 
NJ) was purchased as a 6 mg/ml solution in Cremophor EL and 
was diluted in tissue culture medium or sterile saline just prior 
to use. The antibodies used in these studies were monoclonal 
mouse anti-PARP (Enzyme Systems, Livermore, CA), mono- 
clonal mouse antihuman Bcl-2 (Dako, Carpinteria, CA), and 
polyclonal rabbit ,.anti-p21 (Santa Cruz Biotechnology, Santa 
Cruz, CA). Antirabbit and antimouse horseradish peroxidase- 
conjugated secondary antibodies were purchased from Amer- 
sham Life Sciences (Arlington Heights, JL) and Promega Corp. 
(Madison, WI), respectively. Actin was detected using the actin 
(Ab-1) kit from Oncogene Research Products (Boston. MA). 

In Vitro Clonogenic Tumor Ceil Survival Assay. Tu- 
mor cells were incubated for 24 h in T25 flasks (Coming Costar 
Corp., Cambridge, MA) with or without calcitriol. Cells were 
then either left untreated or were treated with various concen- 
trations of paciitaxei for an additional 24 h. The cells were then 

harvested and counted, and a fixed number of cells were re- 
plated into six-well tissue culture plates (Corning Costar). After 
a 7-day incubation at 37°C in a humidified atmosphere contain- 
ing 5% C02> cell monoiayers were washed with saline, fixed 
with 100% methanol, and stained with 10% Giemsa. Colonies, 
defined as being >50 cells, were counted with the use of a light 
microscope. The surviving fraction is defined as follows: Sur- 
viving fraction = [fraction of viable cells recovered x (cloning 
efficiency of treated cells/cloning efficiency of untreated, con- 
trol cells)]. 

MTT Assay and Drug Interaction Analysis. SCC cells 
were plated at 1.5 X 103 cells/well into 96-well tissue culture 
plates (Corning Glass Inc., Corning, NY) and incubated at 37°C 
in a humidified atmosphere containing 5% CO;. After a 24-h 
recovery, cells were either untreated or treated for 24 h with 
varying doses of calcitriol. Subsequently, cells received no 
further treatment or were treated for 24 h with varying doses of 
paclitaxel. Plates were harvested by staining with 0.5% MTT, 
and the absorbance was read with an ELISA reader (model 
EL-340; Bio-Tek Instruments, Winooski, VT) at 460 nM. Drug 
interactions were quantitated by median-dose effect analysis 
(21), and combination index values were derived using Cal- 
cuSyn software (Biosoft, Ferguson, MO), as described previ- 
ously (22). CI values of <1, =1, and >1 indicate synergism, 
additivity, and antagonism between the drugs, respectively. 

In Vivo Excision Clonogenic Assay. Mice with 9-day 
SCCs (three to five animals/group) were treated with saline or 
2.5 u.g of calcitriol each day for 3 days. On day 3, mice also 
received varying doses of paclitaxel. Twenty-four h after the last 
injection, the animals were sacrificed, and their tumors were 
excised. Aliquots of minced tumor were enzymatically dissoci- 
ated for 60 min at room temperature with a mixture of type I 
collagenase, DNase, and EDTA. For each treatment group, a 
fixed number of viable tumor cells, as deteimined by trypan blue 
staining, were then plated in six-well tissue culture plates. After 
incubation for 7 days, colonies were counted, and the surviving' 
fraction was calculated using the equation: Surviving fraction = 
(the cloning efficiency of treated cells/cloning efficiency of 
untreated, control cells). The surviving fraction per gram of 
tumor is defined as the number of clonogenic tumor cells per 
gram of treated tumor divided by the number of clonogenic 
tumor cells per gram of control, untreated tumor. 

Tumor Growth Inhibition. To examine the in vivo an- 
titumor activity of calcitriol, paciitaxei, or the combination of 
calcitriol with paclitaxel, treatment was initiated on animals 
bearing palpable SCC or PC-3 tumors. Animals were treated for 
3 days with single, daily i.p. injections of saline or calcitriol. On 
day 3, animals also received a single i.p. injection of paclitaxel. 
Tumor measurements were obtained using calipers prior to 
initiating treatment (initial tumor volume.) and on the days 
indicated. Tumor volumes were calculated by the following 
formula: volume = (length X width2)/2. For each tumor, frac- 
tional tumor volumes were calculated using the following for- 
mula: Fractional tumor volume = (volume on day measured)/' 
(initial tumor volume). 

Preparation of Cell Lysates and Western Blot Analysis. 
PC-3 cells were seeded into T75 flasks at densities of 1 X 10" 
to 2 X 104 cells/ml. Forty-eight h later, the medium was re- 
placed. Treatments were done by adding concentrated drug 
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stocks directly to the culture media.: At various times, cells that 
detached from the tissue culture plate- .wereharvested by col- 
lecting the culture medium. After removing these cells, adherent 
cells were scraped up into PBS. Detached and. adherent cells 
were maintained as separate populations.: Cells'• were collected 
by centrifugation and washed once. m.PBS, and the resulting 
pellets were stored at -70CC. Proteitt.extracts, were prepared by 
resuspending cell pellets in lysis': buffer fl!%-Triton X-100, 0.1% 
SDS, 50 rriM Tris, and 150 rriH.NaCl,: containing IX protease 
inhibitor cocktail (PharMingen)j for;3Ö:miiron:ice. Lysates were 
transferred to 1.5-ml Eppendorf:.tubes\:an<£clarified' by centrif- 
ugation at 13,000 rpm for 10 min at 4°C:: Proteins were quan- 
titated in duplicate using the Bio-Rad"; groteiib assay (Bio-Rad 
Laboratories, Hercules, CA) according to manufacturer's direc- 
tions. Protein lysates were stored at—7Ö°C;' until use. 

Proteins were resolved on SDS-polyacrylamide gels under 
denaturing conditions and then electrophqretically transferred to 
PVDF membranes (NEN Life Science Products, Boston, MA) 
overnight at 4°C. At room temperature,, membranes were 
blocked for a minimum of 1 h in a 5% w/v solution of nonfat 
mitt; in TBST (10 mM Tris, pH 7-.6,.150i;rnM.JN'aCl,.- and:0.05% 
Tween 20) and then incubated for I h with, primary antibody. 
The blots were washed three times in TBST and subsequently 
incubated with secondary antibody conjugated with .horseradish 
peroxidase for 1 h.' The blots were again- washed, and the 
proteins were detected using Renaissance Western blot chemi- 
luminescence reagents (NEN Life Science Products). 

RESULTS 
Calcitriol Increases Paclitaxel Antitumor Activity in 

Vitro. To examine the antitumor activity of.' calcitriol and 
paclitaxel alone, or in combination, murine SCC cells were used 
in an in vitro cionogenic assay. SCC cells were: (a), treated with 
paclitaxel or calcitriol alone; (b) pretreated.för 24 h.with calcit- 
riol and then treated with paclitaxel; or (c).-.- treated simulta- 
neously with both agents. Paclitaxel was not, administered prior 
to calcitriol in these studies because pilot in vivo-experiments 
demonstrated that this schedule was associated-with, greater 
toxiciry (data not shown). As we reported previously, calcitriol 
inhibits cionogenic survival in SCC with an ;IC50..of 4 ;OM (Fig. 
1; Ref. 7). Paclitaxel alone also inhibits SCC surviyal,.;with. an 
IC50 of 23 nM. Significantly greater antitumor activity was 
achieved when calcitriol was combined with paciitaxei.(Fig.:l). 
Calcitriol pretreatment potentiated paclitaxel- activity to: a 
greater extent than concurrent treatment, except at.the highest 
dose of paclitaxel studied. These results demonstrate.that anti- 
tumor activity in SCC is increased by combining; calcitriol. with 
paclitaxel, and the optimal schedule for administration, is treat- 
ment with -calcitriol, followed by paclitaxel. 

Similarly, we examined whether the combination of calcit- 
riol and paclitaxel was effective in inhibiting the growth of 
human prostatic adenocarcinoma (PC-3) cells. .PG-3: ceils were 
treated in vitro for 24 h with or without calcitriol and received 
no further treatment or were treated for an additional 24 .h with, 
varying concentrations of paclitaxel. As shown in. Fig. 2,:cak 
citriol alone had detectable antiproliferative activity in.these 
cells, with an IC50 of 5 u.M. Paclitaxel, when used as a- single 
agent, reduced PC-3 cionogenic survival in a concentration;-.,. 
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Fig. 1 Dose-response curves of SCC cells treated in vitro with calcit- 
riol alone (A), with varying doses of paclitaxel alone (O), pretreated 
with calcitriol followed by paclitaxel (•), or treated simultaneously with 
calcitriol plus paclitaxel (A), as measured by growth inhibition in the 
7-day in vitro cionogenic assay. In pretreated cells, calcitriol was added 
24 h prior to paclitaxel. Cells were exposed to paclitaxel for a total of 
24 h. Calcitriol was used at a concentration of 4 nM. Each point 
represents the mean surviving fraction as determined by counting trip- 
licate wells: bars, 95% confidence intervals. Note that the symbol for 
the calcitriol-alone treatment group is arbitrarily placed with respect to 
the X axis. Values for pretreatment with calcitriol followed by paclitaxel 
are significantly different from those obtained for paclitaxel alone; *, 
P s 0.01. 

dependent manner. Significantly greater growth inhibition was 
achieved by pretreating the cells with calcitriol at each of the 
paclitaxel concentrations tested. Therefore, the combination of 
calcitriol plus paclitaxel displays increased antiproliferative ac- 
tivity in murine SCC and human prostatic adenocarcinoma, 
indicating that the effects are not cell type specific. 

The Interaction between Calcitriol and Paclitaxel Is 
Synergistic in Vitro. Median-dose effect analysis (21) was 
used to evaluate the nature of the interaction between calcitriol 
and paclitaxel. SCC cells were treated with calcitriol or pacli- 
taxel alone or were treated using the optimally defined sequence 
of calcitriol, followed by paclitaxel. Total drug exposures were 
fixed at 48 h for..calcitriol and 24 h for paclitaxel. Dose-effect 
data were used to derive a combination index, as described 
previously (22). As shown in Fig. 3, CIs <1.0 were obtained for 
all combinations of calcitriol and paclitaxel examined, indicat- 
ing that the interaction between the two drugs is synergistic. 

Calcitriol Increases Paclitaxel Antitumor Activity in 
Vivo. To evaluate whether the combination of calcitriol and 
paclitaxel has greater in vivo antitumor activity compared with 
either agent alone, the excision cionogenic assay was used. As 
shown in Fig. 4A, the combination of calcitriol plus paclitaxel 
resulted in a significantly greater decrease in surviving fraction 
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Paclitaxel (n 
Fig. 2 Dose-response curves of PC-3 cells treated in vitro with calcit- 
riol alone (A), with varying doses of paclitaxe! alone (O), or pretreated 
with calcitriol for 24 h followed by paclitaxel (•) as measured by 
growth inhibition in the 7-day in vitro clonogenic assay. Cells were 
exposed to paclitaxel for 24 h. Calcitriol was used at a concentration of 
5 |xM. Each point represents the mean surviving fraction as determined 
by counting triplicate wells; bars, 95% confidence intervals. Note that 
the symbol for the calcitriol-alone treatment group is arbitrarily placed 
with respect to the X axis. Values for pretreatment with calcitriol 
followed by paclitaxel are significantly different from those obtained for 
paclitaxel alone; *, P < 0.0004. 

as compared with paclitaxel or calcitriol alone. Thus, greater in 
vivo anünimor activity is achieved in SCC by pretreatment with 
calcitriol followed by paclitaxel. 

To determine whether an increase in clonogenic cell kill 
was associated with inhibition of tumor growth, SCC tumor- 
bearing mice were treated with saline, calcitriol or paclitaxel 
alone, or calcitriol in combination with paclitaxel. We used a 
schedule of daily X 3 doses of calcitriol with paclitaxel admin- 
istered on day 3. This calcitriol dosing regimen was reported 
previously to maximize antitumor efficacy while minimizing 
toxicity or hypercalcemia (13). In SCC, paclitaxel had no sig- 
nificant activity when used as a single-agent therapy, and cal- 
citriol alone exhibited cytostaiic activity (Fig. 45). In contrast, 
the combination of calcitriol with paclitaxel resulted in signifi- 
cant tumor regression (Fig. AB). 

To determine whether calcitriol plus paclitaxel combina- 
tion therapy also displays increased antiproliferative activity in 
vivo in PC-3, tumor-bearing mice were treated with saline, 
calcitriol or paclitaxel alone, or calcitriol in combination with 
paclitaxel using the dosing schedule described for SCC. As 
shown in Fig. 5A, neither paclitaxel nor calcitriol had significant 
activity when used as a single-agent therapy in PC-3. However, 
significant antitumor activity was observed when PC-3 tumor- 
bearing mice were treated with calcitriol followed by paclitaxel 

«jjf~ 0.001875 
£   0.00375 
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Fig. 3 Assessment of the interaction between calcitriol and paclitaxel 
in SCC. Cells were plated at 1.5 X 103 cells/well into 96-well tissue 
culture plates- and allowed to recover for 24 h. Cells were then either 
untreated or pretreated for 24 h with the indicated doses of calcitriol. 
Subsequently, cells received either no further treatment or were treated 
for 24 h with the indicated doses of paclitaxel. Plates were harvested by 
staining with MTT, and the absorbance was read at 460 riM. The 
dose-effect data obtained for each drug alone and in combination were 
used to calculate CI values as described previously (22). 

(Fig. 5A). In this model, nearly complete inhibition of tumor 
growth was maintained for >2 weeks. 

After day 24, PC-3 tumors' in animals treated with calcitriol 
plus paclitaxel achieved a growth rate comparable with controls 
as determined by the slope (m) of the growth curve (0.107 
versus 0.102). Retreatment of these animals with calcitriol plus 
paclitaxel on days 29-31 resulted in a decrease in the rate of 
tumor growth, as evidenced by a change in the slope of the 
growth curve for days 32-38 (m, 0.052; Fig. 5B). These data 
indicate that previously treated tumors remain responsive to 
calcitriol plus paclitaxel and that prolonged antitumor activity 
may be achieved by repeated cycles of therapy. 

Calcitriol Decreases p21 Expression and Accelerates 
Paciitaxel-induced Apoptosis. Given the findings that loss of 
p21 sensitizes MCF-7 and HCT116 cells to paclitaxel (17, 18) 
and calcitriol decreases p21 expression in SCC (14), we hypoth- 
esized that calcitriol enhances paclitaxel antitumor activity via 
its effects on p21. To test whether calcitriol treatment decreases 
p21 expression in PC-3 as it does in SCC, cells were treated in 
vitro with ethanol vehicle control or calcitriol. At various times, 
whole cell lysates were prepared and analyzed for p21 expres- 
sion by Western blot. As shown in Fig. 6. calcitriol treatment 
resulted in a 60% decrease in p21 expression in PC-3 ceils after 
72 h and an 80% decrease in expression after 96 h. 

To determine whether PC-3 cells with reduced p21 expres- 
sion are more sensitive to paclitaxel than cells with baseline p21 
expression, cells were pretreated for 72 h with ethanol solvent 
control or calcitriol as indicated in Table 1. Cells subsequendy 
received no further treatment or were treated with paclitaxel 
alone or calcitriol plus paclitaxel. Viable ceils were counted 24 h 
after paclitaxel addition. Coadministration of calcitriol plus pa- 
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Fig. 4 Calcitriol increases paclitaxel anritumor activity in SCC in vivo. A, SCC tumor-bearing mice were treated with saline (O) or 2.5 p,g of 
calcirriol each day for 3 days (•). On the third day, mice also received varying i.p. doses of paclitaxel (0-60 mg/kg). Twenty-four h later, 
tumors were harvested, dissociated, and plated in the excision clonogenic assay. Colonies were enumerated after 7 days. Each point represents 
the mean surviving fraction for total clonogenic cells/gram of tumor (three to five mice per treatment group). *, values for treatment with 
calcitriol followed by paclitaxel are significantly different from those obtained for paclitaxel alone; P < 0.01. B, C3H mice bearing palpable, 
s.c. SCC tumors were treated with either saline (□), 1.25 u.g of calcitriol daily for 3 days (A), 20 mg/kg paclitaxel on day 3 (O), or the 
combination of 1.25 a.g of calcitriol daily for 3 days plus 20 mg/kg paclitaxel on day 3 (•). Both agents were administered i.p. Tumor 
measurements were obtained on the days indicated, and fractional tumor volumes were calculated as described in "Materials and Methods." 
Data points represent the mean fractional tumor volume for five animais/sroup; bars: SD. Values significantly different from no treatment are 
shown. *, P < 0.01. 

09 

J3 
O 

re    '■ 

c 
o 

Saline control days 8-23; m = 0.102 1,25-Dj + paclitaxel days 24-30; m = 0.107 

1,25-D, + paclitaxel days 32-38; m = 0.052 

TTT IXTTTTii 

10  12  14  16  18  20  22  24 22  24  26  28  30  32  34  36  38  40 

Days post tumor implantation 
Fig. 5 Calcitriol increases paclitaxel antitumor activity in PC-3 in vivo. A, nude mice bearing palpable, s.c. PC-3 tumors were treated with either 
saline (D), 0.75 (ig of calcitriol daily for 3 days (A), 10 mg/kg paclitaxel on day 3 (O), or the combination of 0.75 jig of calcitriol daily for 3 days 
plus 10 mg/kg paclitaxel on day 3 (•). Both agents were administered i.p. Fractional tumor volumes were calculated as described in the legend for 
Fig. AB. Data points represent the mean fractional tumor volume for five animals/group; bars. SD. Arrows, treatment days. B. animals treated 
previously with calcitriol plus paclitaxel on days 8-10 were treated with a second cycle of therapy on days 29-31. in, the slope of the growth curve 
derived by linear regression of tumor volume data obtained on the days indicated. 
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At 24 h, paclitaxel induced Bcl-2 phosphorylation in both 
the adherent and detached cell populations (Fig. 7). Whereas 
unphosphorylated Bcl-2 was most abundant in the paclitaxel- 
treated adherent cells, only the phosphorylated forms of Bcl-2 
were detected in the detached cells. Phosphorylated Bcl-2 spe- 
cies were still detected in both cell populations after 48 h of 
treatment but were virtually absent by 72 h. Caicitriol had little 
effect on Bcl-2, and neither pretreatment nor concurrent treat- 
ment with caicitriol altered the effects of paclitaxel on Bcl-2 
expression/phosphorylation. 

Apoptosis, as measured by loss of full-length PARP, first 
became evident in the detached cells after 48 h of treatment (Fig. 
7). At this time, paclitaxel treatment resulted in a 50% reduction 
in PARP. Although caicitriol itself did not induce apoptosis, it 
enhanced the effects of paclitaxel such that cells treated with 
caicitriol prior to or in combination with paclitaxel displayed a 
78% reduction in PARP. By 72 h, PARP was no longer detected 
in the cells that detached after paclitaxel administration, and 
addition of caicitriol had no further discernible effect. Caicitriol 
did not alter the effects of paclitaxel on PARP expression in the 
adherent cell population at any of the times examined. The data 
obtained at 48 h indicate that caicitriol can accelerate paclitaxel- 
induced apoptosis in a subset of PC-3 cells in a schedule- 
inderiendent manner. 

Fig. 6 Caicitriol modulates expression of the cdk inhibitor p21 in 
PC-3 cells. Whole cell lysates were prepared from subcontinent PC-3 
cells treated in vitro with ethanol solvent control or 5 (j-M caicitriol for 
24-96 h. Proteins were resolved on SDS-polyacrylamide gels under 
denaturing conditions, transferred to PVDF membrane, and analyzed by 
Western blot using poiyclonal anti-p21 antibodies. Protein expression 
levels were quantitated by densitometry and are expressed as a percent- 
age of ethanol control at each time point. A representative experiment is 
shown. EtOH, ethanol. 

clitaxel resulted in a greater reduction in cell number than 
treatment with either agent alone (Table 1). However, the effect 
of the combination was only additive. In contrast, a greater than 
additive reduction in cell number was obtained when cells were 
pretreated with caicitriol followed by paclitaxel. Thus, a caicit- 
riol pretreatment that reduces p21 expression further enhances 
paclitaxel cytotoxicity in PC-3. 

Paclitaxel-induced apoptosis in PC-3 is associated with 
phosphorylation of Bcl-2 (23), which inactivates the apoptoric 
suppressor function of this protein (23-25). Therefore, to deter- 
mine whether PC-3 cells with reduced p21 expression show 
enhanced paclitaxel activity at the moiecular level, we examined 
whether caicitriol pretreatment increased or accelerated pacli- 
taxel-induced changes in Bcl-2 expression and apoptosis. As 
outlined in Table 1, PC-3 cells were either treated with ethanol 
control or pretreated with 5 JXM caicitriol for 72 h, a time 
sufficient for p21 down-modulation. Subsequently, cells re- 
ceived no further treatment, were treated with paclitaxel alone, 
or were treated with caicitriol plus paclitaxel for varying lengths 
of time. Inspection of treated cells revealed two morphologically 
distinct populations, one cell population remained adherent after 
treatment whereas a second population detached from the cul- 
ture dishes. These populations were analyzed separately. 

DISCUSSION 
On the basis of epidemioiogical findings, Schwartz and 

Hulka (26) proposed a protective role for caicitriol in prostate 
cancer. Subsequently, the antiproliferative activity of caicitriol 
on. prostatic adenocarcinoma cell lines in vitro (1, 2, 11) and in 
vivo (1, 27) was demonstrated. Antiproliferative effects of cai- 
citriol were also observed in a pilot clinical trial in which, in a 
small set of patients with early, recurrent prostate cancer, cai- 
citriol decreased the rate of PSA rise, resulting in an increase in 
PSA doubling times (28). PSA responses have also been ob- 
served in our ongoing Phase II trial of caicitriol plus dexam- 
ethasone in hormone-refractory prostate cancer (29). In this 
trial, 8-12 u,g of caicitriol was given p.o. Monday, Tuesday, and 
Wednesday each week with 4 mg of dexamethasone given 
Sunday, Monday, Tuesday, and Wednesday. Among evaluable 
patients, 21% experienced a greater than 50% decrease in PSA, 
and 79% experienced a decrease in PSA velocity. In a further 
effort to develop new calcitriol-based therapies for advanced 
malignancy, we investigated the effect of combining caicitriol 
with cytotoxic agents. 

Preclinically, we demonstrated that there is an increase in 
antitumor activity krprostatic adenocarcinoma using caicitriol 
in combination with paclitaxel in vitro and in vivo as measured 
in clonogenic assays and tumor growth inhibition studies. On 
the basis of these findings, we propose that caicitriol plus 
paclitaxel combination therapy may have utility in the treatment 
of patients with prostate cancer. 

The clinical use of caicitriol may be restricted by its dose- 
limiting toxicity, hypercalcemia. However, a variety of caicitriol 
analogues, including ILX-23-7553 and EB1089, have been de- 
scribed that possess antiproliferative activity in vivo without 
inducing hypercalcemia (7, 30). It has been shown recently that 
EB1089, when combined with paclitaxel, inhibits the growth of 
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Table 1 Effect of in vitro treatment on recovery of viable PC3 cells 
PC3 cells (2 X 105) were seeded and allowed to recover for 48 h. Cells were then treated for 72 h with either ethanol solvent control or calcitriol, 

as indicated. For the second treatment, concentrated stocks of paclitaxel alone or calcitriol plus paclitaxel were added directly to the cultures. The final 
concentrations of calcitriol and paclitaxel were 5 MM and 100 nM, respectively. Twenty-four h after the second treatment, cells were harvested, and 
viable cells were counted using trypan blue. The percentage of reduction in viable cell number was calculated using the equation: 1 - (cell 
numbertrcal5[1/cell numberEt0H control) x 100. 

Group First txa (72 h) Second tx (24 h) Cell no. (X 106) % reduction (in cell no.) 
Ethanol Ethanol None 3.37 0 
Calcitriol Calcitriol None 2.92 13.3 
Ptx Ethanol Ptx 3.17 5.9 
Calcitriol + Ptx Ethanol Calcitriol + Prx 2.72 19.3 
Calcitriol/Ptx Calcitriol Ptx 2.05 39.3 

' tx. treatment; Ptx, paclitaxel. 

Fig. 7 Paclitaxel modulates ex- 
pression of apoptosis-associated 
proteins Bcl-2 and PARP in PC-3 
cells. Whole cell lysates were pre- 
pared from subconfluent PC-3 cells 
treated in vitro with ethanol, 5 u,M OA\\ 
calcitriol, 100 nM paclitaxel, or 5 
u.M calcitriol concurrent with (Cal- 
citriol + Ptx) or prior to (Calcit- 
riol/Ptx) 100 nM paclitaxel. Calcit- 
riol pretreatment was for 72 h. 
Time points are hours after pacli- 
taxel addition. Proteins were re- 48 h 
solved on SDS-polyacrylamide 
gels under denaturing conditions, 
transferred to PVDF membrane, 
and analyzed by Western blot using 
antibodies raised against Bcl-2 or 
PARP. To verify equal protein 72h 
loading, the Bcl-2 and PARP blots 
were reprobed for actin. For each 
time point, the Bcl-2 or PARP blot 
is shown directly above its corre- 
sponding actin blot. *, no floating 
cells were obtained. A representa- 
tive experiment is shown. 
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MCF-7 breast cancer cells in vivo (31). Furthermore, we ob- 
served that paclitaxel appears to attenuate calcitriol-mediated 
hypercalcemia in preclinical models (data not shown). Agents 
that disrupt or stabilize microtubules can inhibit calcium trans- 
port, which may account for this activity (32). Thus, paclitaxel 
and either calcitriol or analogues may be a safe and effective 
combination in the treatment of human cancer. 

We have further demonstrated that calcitriol enhances pa- 
clitaxel antiproliferative activity in vitro and in vivo in the 
murine SCC model, SCCVII/SF. A previous report indicates 
that these cells are relatively resistant to paclitaxel in vivo at a 
concentration of 40 mg/kg (33). We found that although pacli- 
taxel (20 mg/kg) has little activity when administered to tumor- 
bearing mice as a single agent, pretreatment with calcitriol 
yields substantial antitumor activity (Fig. 45). These data sug- 
gest that calcitriol and paclitaxel combination therapy may be 
useful, even in the treatment of tumors that are paclitaxel in- 
sensitive. 

Paclitaxel cytotoxicity is increased in MCF-7 breast cancer 
cells and HCT116 colon cancer cells when p21 expression is 
specifically perturbed (17, 18). Because calcitriol treatment re- 
duces p21 expression in the SCC model (14) and in PC-3 cells 
(Fig. 6), we hypothesized that calcitriol might enhance the 
antitumor activity of paclitaxel via its effect on p21. To test this, 
we examined whether paclitaxel effects were enhanced in cells 
pretreated with ^calcitriol (p21 low) as compared with cells 
receiving concurrent calcitriol (baseline p21) and paclitaxel. 

Paclitaxel effects were measured by following changes in 
viable cell number (Table 1) and molecular markers (Fig. 7). In 
the cell recovery studies, we observed a schedule dependence 
such that the greatest reduction in cell number occurs when cells 
are pretreated with calcitriol for 72 h followed by a 24-h 
treatment with paclitaxel. Interestingly, the reduction in cell 
number cannot be accounted for by an increase in apoptosis 
because no PARP cleavage was detected 24 h after paclitaxel 
addition (Fig. 7). However, a different observation is made 48 h 
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after paclitaxel addition. At this time, calcitriol alone does not 
induce apoptosis but does enhance the level of PARP cleavage 
observed in the detached cell population in the presence of 
paclitaxel. This enhancement is schedule independent, with sim- 
ilar effects observed in paclitaxel-treated cells regardless of 
whether they were pretreated. or concurrently treated with cal- 
citriol. 

On the basis of these data, we propose a model in which the 
"early" (within 24 h) enhancement of paclitaxel cytotoxiciry by 
calcitriol is schedule dependent and is not attributed to acceler- 
ation of paclitaxel-induced apoptosis. The schedule dependence 
may reflect the time required for calcitriol treatment to decrease 
p21 expression. The "delayed" (at 48 h) enhancement of pacli- 
taxel activity by calcitriol is schedule independent and associ- 
ated with acceleration of apoptosis in a subset of PC-3 cells. 
Recent work from our laboratory demonstrates that calcitriol 
inhibits specific survival signals in cells that detach during 
treatment.4 Such inhibition may render these cells more suscep- 
tible to the proapoptotic signals generated by paclitaxel. The 
ability of calcitriol to reduce cell survival signals may also 
explain how it can enhance the antitumor activity of mechanis- 
tically diverse cytotoxic agents, such as cisplatin (13) and pa- 
clitaxel. Studies to address these and related issues are in pro- 
gress. 

Paclitaxel-mediated apoptosis in LNCaP and PC-3 prostate 
cancer cells has been associated with Bcl-2 phosphorylation and 
inactivation (23) and/or down-modulation of the related apo- 
ptotic suppressor. Bcl-XL (34). Consistent with these results, we 
found that within 24 h, paclitaxel treatment resulted in phos- 
phorylation of the apoptotic suppressor protein, Bcl-2. Loss or 
inactivation of Bcl-2 in prostate cancer cells after paclitaxel 
administration has been proposed to promote cell death by 
shifting the intracellular balance of death regulators in favor of 
proapoptotic molecules such as Bax (23). In our studies, pacli- 
taxel-mediated changes in the intracellular levels of Bcl-2 tem- 
porally precede the loss of full-length PARP, suggesting that 
they may initiate the apoptotic program. 

Wang ex al. (35) demonstrated recently that calcitriol 
pretreatment increases paclitaxel induction of cell death and 
paclitaxel antitumor activity in vitro in MCF-7 breast cancer 
cells. However, in contrast to our findings, calcitriol mod- 
estly increased the effect of paclitaxel on Bcl-2 phosphoryl- 
ation. Comparison of these two studies reveals that although 
a 24-h exposure to 100 nM paclitaxel results in minimal 
Bcl-2 phosphorylation in MCF-7, this exposure results in 
strong induction of Bcl-2 phosphorylation in PC-3. This 
strong induction may have prohibited the detection of a 
subtle effect of calcitriol on paclitaxel-mediated Bcl-2 phos- 
phorylation in PC-3. 

In summary, our data demonstrate that calcitriol enhances 
paclitaxel antitumor activity in PC-3 and SCC cells in vitro and 
in vivo and indicate that novel calcitriol/paclitaxel-based com- 

4 T. F. McGuire, D. L. Trump, and C. S. Johnson. Vitamin D,-induced 
apoptosis of murine squamous cell carcinoma cells: selective induction 
of caspase-dependent MEK cleavage and up-regulation of MEKK1, 
submitted for publication. 

bination therapies may have significant clinical utility in the 
treatment of a variety of solid tumors. 
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Vitamin D3 inhibits cell growth and induces apoptosis in several human cancer lines 

in vitro and in vivo. However, little is known about the molecular events involved in 

vitamin D3-induced apoptosis. Here, we demonstrate that the growth- 

promoting/pro-survival signaling molecule mitogen-activated protein kinase kinase 

(MEK) is cleaved in a caspase-dependent manner in murine squamous cell 

carcinoma (SCC) cells induced to undergo apoptosis by treatment with vitamin D3. 

Cleavage resulted in nearly complete loss of full-length MEK and Erkl/2 

phosphorylation. Erkl/2 expression was affected only slightly. The 

phosphorylation and expression of Akt, a kinase regulating a second cell survival 

pathway, was also inhibited after treatment with vitamin ft. However, the pro- 

apoptotic signaling molecule MEKK-1 was up-regulated in both apoptotic and non- 

apoptotic cells with greater induction and partial N-terminal proteolysis of MEKK- 

1 observed in apoptotic cells. In contrast to vitamin ft, cisplatin and etoposide 

down-regulated Akt levels only modestly, did not promote significant loss of MEK 

expression, and did not up-regulate MEKK-1. We propose that vitamin D3 induces 

apoptosis in SCC cells by a unique mechanism involving selective caspase- 

dependent MEK cleavage and up-regulation of MEKK-1. Additional evidence is 

provided that vitamin D3-induced apoptosis may be mediated via p38 MAPK. 



1,25-dihydroxycholecalciferol (vitamin D3)1 is the active metabolite of vitamin D 

and exhibits anti-proliferative and differentiation-promoting activities in vitro toward a 

number of malignant cell types, including breast cancer cells (1,2), prostate cancer cells 

(3,4), colorectal adenoma and carcinoma cells (5), melanoma cells (6), and mouse 

myeloid leukemia (7-9). In addition, vitamin Dj inhibits prostate adenocarcinoma growth 

and metastasis in the Dunning rat prostate model system (10) and displays anti-neoplastic 

activity in a variety of human xenograft tumor model systems (11,12). Several vitamin 

D3 analogues have also been developed and display similar activities in vitro (5,13-15) 

and in vivo (16-18). Furthermore, we have demonstrated that vitamin Dj inhibits the 

proliferation of squamous cell carcinoma (SCC) cells in vitro as well as the growth of 

newly transplanted or established SCC tumors in vivo (19,20). Hence, the accumulated 

evidence clearly establishes the anti-proliferative activity of vitamin D3 (and its 

analogues) against several cancer cell types and supports the examination of their 

potential usefulness as anti-cancer agents (reviewed in refs. 12 and 21). 

On the cellular level, vitamin D3 has been shown to exert its anti-proliferative 

effects by inhibiting cell cycle progression and/or by promotion of programmed cell 

death (apoptosis). Gl arrest induced by vitamin D3 or vitamin Dj analogues has been 

attributed to a number of molecular changes, including induction of the cyclin- dependent 

kinase (cdk) inhibitors p21Wafl and p27Kipl, inhibition of cdk2 activity, 

hypophosphorylation of the retinoblastoma protein (Rb), and suppression of E2F 

activation (4,18,20,22-24). Vitamin Ds-induced apoptosis, while being demonstrated for 

several cancer cell lines derived from various tissues, including breast (2,3,17,25,26), 

prostate (3,27), colon (5,13), and skin (6) in vitro, as well as breast cancer cells in vivo 



(28), is less well defined. Levels of the anti-apoptotic molecule Bcl-2 have been shown 

to be reduced after vitamin D3 treatment in some cell lines, including MCF-7 human 

breast cancer cells (17,26,28) and LNCaP human prostate cancer cells (27). Furthermore, 

vitamin Q-induced apoptosis in these cell lines is blocked by over-expression of Bcl-2 

(27,29). While these results suggest a possible role for Bcl-2 down-regulation in vitamin 

D3-induced apoptosis, it is not clear whether reduction of Bcl-2 expression is sufficient of 

itself to induce apoptosis. In addition, vitamin D3-induced apoptosis of colon cancer cells 

is not dependent on Bcl-2 down-regulation, but is more tightly associated with up- 

regulation of the pro-apoptotic molecule Bak (5). Another body of work suggests that 

vitamin Eb induces insulin-like growth factor binding proteins (IGFBPs) which bind to 

IGF-1, preventing it from stimulating the pro-survival IGF-1 receptor, and thereby 

promote apoptosis (30-32). Finally, Mathiasen et al. (29) recently reported that 

sensitivity of MCF-7 cells to vitamin D3-induced apoptosis does not depend on 

expression of a functional p53 tumor suppressor protein and does not involve the 

activation of known caspases. Thus far, the involvement of stress and survival signal 

transduction pathways in the mechanism of vitamin L^-induced apoptosis has not been 

carefully examined. 

The integration of multiple signals from numerous transduction pathways plays a 

critical role in regulating cell survival and execution of programmed cell death (reviewed 

in (33) and (34)). While activation of stress signals from the SEK1-JNK and the 

MKK3/6-p38 MAPK pathways can push the cell toward apoptosis (35-38), opposing 

signals generated from the MEK-Erk and PI-3 kinase-Akt pathways antagonize the death 

signals and mediate survival (39-45).  When the integrated signals from these pathways 



begin to favor apoptosis, caspases can become activated, resulting in the selective 

cleavage of a distinct set of proteins and greatly enhancing the potential toward 

commitment to apoptosis. While cleavage of target proteins by caspases typically results 

in their inactivation, exceptions to this include the caspases themselves as well as two 

stress-signaling proteins, MEKK-1 and PAK2 (46,47). MEKK-1 is a 196 kDa Ser/Thr 

kinase which, upon phosphorylation, becomes activated and transduces stress signals that 

lead to the activation of JNK and p38 MAPK (48), thereby promoting apoptosis. Upon 

treatment of cells with genotoxic agents (e.g., etoposide or UV-C irradiation), MEKK-1 

initially undergoes phosphorylation-dependent activation and is subsequently cleaved by 

caspase-3, releasing the N-terminal regulatory domain and producing a constitutively 

active C-terminal kinase domain (49). Similarly, MEKK-1 cleavage is also observed in 

cells induced to undergo apoptosis by Fas ligation (50) and by detachment from the 

extracellular matrix (anoikis) (46). Interestingly, cells expressing a non-cleavable 

MEKK-1 mutant are impaired in their ability to undergo apoptosis after treatment with 

DNA-damaging agents (though mutant MEKK-1 is still phosphorylated) (49). Thus, 

MEKK-1 cleavage is not only a common biological event observed during apoptosis 

induced by a variety of agents, but appears to play a necessary role in the execution of the 

apoptotic program. Caspase-mediated cleavage of PAK2, a ser/thr kinase that regulates 

cytoskeletal changes in many cell types, also appears to play a role in the apoptotic 

process (47). 

We have investigated the mechanism by which vitamin Q induces apoptosis in 

SCC cells, particularly with respect to its effects on survival and stress signaling 

pathways.   We report here that vitamin Eb induces the caspase-dependent cleavage of 



MEK, not previously described, resulting in nearly complete loss of MEK expression and 

Erkl/2 signaling. Moreover, Akt signaling is potently inhibited in cells induced to 

undergo apoptosis by vitamin Q. Furthermore, vitamin Eb strongly induces MEKK-1 

expression in cells prior to onset of apoptosis and subsequently promotes N-terminal 

proteolysis such that numerous MEKK-1 fragments are observed in the apoptotic cells. 

Finally, direct comparison of vitamin D3 with genotoxic agents revealed that the 

molecular events described above, with the exception of Akt inhibition, were selective for 

vitamin D3. 



EXPERIMENTAL PROCEDURES 

Culture and Treatment of SCC Cells.   Murine squamous cell carcinoma (SCC) 

cells (either 3 x 105 or 6 x 105 cells/T-75 flask) were plated in RPMI 1640 medium 

supplemented with 12 % fetal bovine serum (FBS), unless otherwise noted (see Fig. 2). 

After 1 or 2 days, the cells were treated at sub-confluence with either vehicle (< 0.001 % 

ethanol, EtOH), 10 nM 1,25-dihydroxycholecalciferol (1,25-D3), 1 |ig/ml cisplatin, or 10 

u\M etoposide.   After 2 days of treatment, medium in the flasks was gently swirled to 

suspend floating (apoptotic) cells, which were then harvested by centrifugation, and 

washed once with ice-cold PBS.   Attached (non-apoptotic) cells were rinsed once with 

PBS and either scraped off the flask surface into PBS and placed in a separate tube (for 

Western blotting), or trypsinized, suspended in PBS, and combined with the floating cells 

(for YO-PRO-1 staining). For experiments assessing the role of caspases in vitamin Q- 

induced MEK cleavage, cells were treated with either vehicle or 10 nM vitamin D3 in the 

presence or the absence of either 20 |iM ZrDEVD-FMK or 20 uM ZrVAD(OMe)-FMK 

and the cells harvested, as described above. 

Western Blotting^ Both attached and floating cell populations were then lysed in 

buffer containing the following: 50 mM Tris, pH 8.0, 150 mM NaCl, 1 % Triton X-100, 

0.1 % SDS, 1 mM phenylmethylsulfonyl fluoride, 10 (Xg/ml leupeptin, 2 |ig/ml aprotinin, 

10 ug/ml trypsin inhibitor, 1 mM benzamidine, 5 mM N-ethylmaleimide, 2 mM 

vanadate, 2 mM EGTA, 12 mM ß-glycerol phosphate, 10 mM NaF, and 10 nM okadaic 

acid.   Cell lysates were cleared by cennifugation at 14,000 rpm for 10 min at 4°C and 



aliquots were incubated with an equivalent volume of 2X SDS-PAGE sample buffer for 

at least 4 min at 100°C. Equivalent amounts of protein from each sample were 

electrophoresed on either 7.5 % SDS-PAGE (for PARP and MEKK-1) or 12.5 % SDS- 

PAGE (for all other antibodies) and transferred to PVDF membranes. Membranes were 

blocked with 5 % nonfat dry milk in Tris-buffered saline containing 0.05 % Tween-20 

(T-TBS) and then probed with either anti-PARP (PharMingen, 65196E), anti-phospho- 

MEK1/2 (New England BioLabs, 9121S), anti-MEKl/2 (New England BioLabs, 9122), 

anti-phospho-Erkl/2 (Santa Cruz, sc-7383), or anti-Erkl/2 (Upstate Biotechnology, 06- 

182), anti-phospho-Akt (New England BioLabs, 9271), anti-Akt (New England BioLabs, 

9272) anti-MEKK-1 (Santa Cruz, sc-252), anti-SEKl (Santa Cruz, sc-964), anti-phospho- 

p38 MAPK (New England BioLabs, 9211), anti-p38 MAPK (Santa Cruz, sc-535), anti- 

phospho-c-Jun (Santa Cruz, sc-822), and anttactin (Oncogene, CP01) in 3 % nonfat dry 

milk in T-TBS. Anti-phospho-MEK, anti-phospho-Erkl/2, anti-phospho-Akt, and anti- 

phospho-p38 MAPK antibodies selectively detect MEK phosphorylated at serines- 

217/221, Erkl/2 phosphorylated at tyrosine-204, Akt phosphorylated at serine-473, and 

p38 MAPK phosphorylated at threonine-180 and tyrosine-182, respectively, sites of 

phosphorylation necessary for full activation of these kinases. The immunogen used to 

generate the anti-MEKK-1 antibody (sc-252) was a 22 amino acid peptide, the sequence 

of which corresponded to a region lying within the last 50 amino acids of the rat MEKK- 

1 C-terminus (identical in sequence to that region found in the mouse MEKK-1 C- 

terminus). Positive antibody reactions were visualized using an appropriate HRP- 

conjugated secondary antibody and enhanced chemiluminescence (ECL) (NEN) [for 

PARP immunoblotting, ECL SuperSignal (Pierce) was used]. 



It is important to note that, although both the anti-phospho-MEK and anti-MEK 

antibodies recognized both MEK isoenzymes (MEK1 and MEK2), these two proteins 

were typically not completely resolved under the electrophoresis conditions used for this 

work. Both proteins, however, appeared to behave in a similar manner in response to the 

various treatment conditions described above. Therefore, in this report, we have 

represented both of the isoenzymes together by denoting them as "MEK" in the text and 

in the figures. 

YO-PRO-1 Staining._ As described above, at the time of harvest, floating cells 

were first removed with the medium and placed in a conicle tube; attached cells were 

rinsed once, trypsinized, suspended in RPMI 1640 medium containing 12 % FBS, and 

combined with the floating cells. Cells were then pelleted, resuspended in PBS to a 

concentration of 1.0 - 1.5 x 106 cells/ml, and the percent of apoptotic cells measured 

using the Vybrant Apoptosis Assay Kit #4 (Molecular Probes). According to the 

manufacturer's instructions, 1.0 |Ltl each of YO-PRO-1 dye and propidium iodide 

solutions were added to 1.0 ml aliquots of suspended cells, allowed to incubate for at 

least 20 min, and subsequently analyzed by flow cytometry. 



RESULTS 

Vitamin D3 induces apoptosis in murine squamous cell carcinoma (SCC) cells. 

We have reported previously that vitamin D^ predominantly induces murine SCC cells to 

undergo cytoplasmic spreading (flattening), and become growth arrested in Gl phase of 

the cell cycle (19,51). However, a significant population of cells is also observed 

detached and floating in the culture medium after vitamin D3 treatment and possibly 

represents apoptotic cells. In order to determine whether this population of cells exhibits 

characteristics of apoptosis, SCC cells were treated with vitamin E^ (10 nM) for 2 days 

and assessed for apoptosis by various criteria. As shown in Fig. 1A, vitamin Th, induced 

a fraction of the cells to remain attached and to spread out while another fraction became 

detached and exhibited cellular condensation and membrane blebbing, characteristics of 

cells undergoing apoptosis. The cells were then harvested, stained with propidium iodide 

and YO-PRO-1, and subjected to flow cytometric analysis. YO-PRO-1 is a fluorescent 

dye taken up by cells in early and late apoptosis (as well as necrotic cells). Based on this 

type of analysis, vitamin D3 increased the proportion of cells in early apoptosis (0.2 to 11 

%) and the total number of cells in apoptosis/necrosis (14 to 40 %) (the average induction 

of total apoptotic/necrotic cells from four independent experiments was from 13 to 36 %, 

or 2.8-fold) (Fig. IB). Although flow cytometry detected significant basal levels of 

apoptosis in vehicle-treated cultures, no apoptosis could be detected in these cultures 

using the other two methods employed [morphological changes and caspase activation 

(see below)].  Thus, it appears that the basal level of apoptosis in vehicle-treated cultures 
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is artifactual and probably due to the trypsinization procedure used to prepare the cells for 

FACS analysis (see Experimental Procedures). Finally, we assessed induction of 

apoptosis by vitamin Q on the molecular level by examining caspase activation (i.e., by 

measuring the extent of cleavage of the caspase substrate poly(ADP-ribose) polymerase, 

or PARP). After treating SCC cells as described above, the floating cells were removed 

from the attached cells and lysates of both cell populations were prepared (described in 

Experimental Procedures). The number of floating cells in the medium after vehicle 

treatment was low and it was not possible to collect sufficient amounts to process for 

immunoblot analysis. As shown in Fig. 1C (lanes 1-2), lysates of vehicle-treated 

(attached) cells, as well as the attached cell population of vitamin Q-treated cultures, 

exhibited no PARP cleavage. However, lysates of floating cells from cultures treated 

with vitamin D3 demonstrated complete cleavage of PARP (116 kDa) to an 85 kDa 

fragment (Fig. 1C, lane 3). Taken together, these results indicate that vitamin E>3 induces 

programmed cell death in SCC cells. The fact that PARP cleavage was exclusively 

observed in lysates from vitamin Dj-treated, non-attached cells and that this population is 

easily isolated from the attached cell population affords the use of this model for 

investigating at the molecular level the role of signaling pathways in vitamin Q-induced 

apoptosis. 

Vitamin D3 induces caspase-dependent cleavage ofMEK in apoptotic cells. The 

Ras-Rafl-MEK-Erk signaling pathway transduces signals from growth factor receptors to 

the nucleus, which can lead not only to mitogenesis and differentiation but also to 

survival (34).   Some investigators studying vitamin D3- induced apoptosis have reported 
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that culturing cells under serum-free conditions enhances the apoptosis-promoting 

activity of vitamin Eb (31). Thus, growth factor signaling may attenuate the apoptotic 

signal induced by vitamin Q, or, conversely, vitamin Q may attenuate growth factor 

signaling as part of its mechanism to promote programmed cell death. We investigated 

the effects of vitamin D3 on levels of activated MEK, a key mediator of signaling through 

the Ras-Rafl-MEK-Erk pathway, in SCC cells cultured in the presence or the absence of 

12 % fetal bovine serum (FBS). Significant apoptosis (based on morphology) was 

observed under both culture conditions, but levels of apoptosis were greater under serum- 

starved conditions (data not shown). Immunoblot analysis using an anti-phospho-MEK 

antibody that selectively detects activated MEK (described in Experimental Procedures) 

was then performed on lysates prepared from attached and non-attached cells. As shown 

in Fig. 2, vitamin D3 nearly completely inhibited MEK activation in the floating 

population of cells in the presence or the absence of serum, but had little effect on MEK 

phosphorylation in the attached populations from either vehicle- or vitamin Ei-treated 

cultures. Results from immunoblotting with an anti-MEK antibody demonstrated that the 

vitamin Q-induced decrease in MEK phosphorylation was not simply due to inhibition 

of its activation but to down-regulation of MEK protein itself (Fig. 2). This result was 

confirmed using two other anti-MEK antibodies, which recognized distinct regions of the 

MEK protein (data not shown). Interestingly, the apoptotic, floating cells exhibited a 

lower molecular weight band that was also immunoreactive with the anti-MEK antibody 

(33 kDa in the presence of serum; 28 kDa in the absence of serum; Fig. 2A), suggesting 

that down-regulation of MEK protein levels might be due to MEK proteolysis. 
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Levels of phosphorylated/activated Erkl/2 were then analyzed and found to be 

virtually undetectable in the lysates of the floating cells (Fig. 2), indicating that the MEK- 

Erk signaling pathway is blocked in these cells. It is perhaps noteworthy that vitamin D? 

also modestly inhibited Erkl/2 in vitamin LVtreated attached cells (Fig. 2) despite the 

fact that levels of phosphorylated MEK and intact MEK protein were unaffected (Fig. 2). 

The molecular basis of vitamin Dj-induced Erkl/2 inhibition in attached cells is currently 

under investigation. Erkl/2 expression was unaltered in lysates of vitamin Q-treated 

attached cells, and, in contrast to MEK, was only slightly reduced in floating cells (Fig. 

2). Reduction of Erkl/2 expression was more apparent under serum-starved conditions 

and was coincident with the appearance of a putative 23 kDa fragment (Fig. 2). Since 

culturing cells in the presence of serum is more physiologically relevant and since serum 

starvation appeared to promote activation of proteases that were not necessary for vitamin 

D3-induced apoptosis or loss of MEK protein, all subsequent experiments were 

performed in the presence of 12 % FBS. 

Since it is well established that programmed cell death often involves the 

activation of caspases, we examined whether these proteases might be responsible for 

vitamin LVinduced MEK proteolysis. SCC cells were treated 2 days either with vehicle, 

vitamin Dj alone, or vitamin D3 in the presence of either DEVD-FMK or zVAD-FMK. 

Lysates were prepared and immunoblot analysis was carried out using anti-MEK 

antibody. While the caspase-3 inhibitor DEVD-FMK had little effect on vitamin D3- 

induced MEK proteolysis, the pan-caspase inhibitor zVAD-FMK nearly completely 

blocked the loss of MEK protein and the production of the 33 kDa MEK fragment (Fig. 

3).   Thus, the decrease in MEK expression induced by vitamin D treatment does not 
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appear to be due to inhibition of MEK protein synthesis, but rather the result of caspase- 

dependent MEK cleavage (although caspases may not cleave MEK directly). Caspase- 

dependent cleavage of MEK has not been previously reported. It is perhaps noteworthy 

that the apparent sum of the levels of intact MEK and the 33 kDa fragment in lysates of 

non-attached cells from vitamin D3-cultures appears to be less than the total level of 

MEK in cells co-treated with vitamin D3 and zVAD-FMK (Fig. 3, lanes 4 and 6). This 

suggests that the 33 kDa fragment is either less antigenic than intact MEK with the anti- 

MEK antibody used or that the 33 kDa fragment undergoes further proteolysis to yield 

products not recognized by the antihMEK antibody or both. Finally, inhibition of MEK 

cleavage by zVAD-FMK resulted in the complete restoration of MEK and Erkl/2 

phosphorylation/activation (Fig. 3), suggesting that MEK cleavage plays a critical role in 

the vitamin Drinduced block of the MEK-Erk signaling pathway in detached cells. 

Vitamin D3 inhibits the Akt swvival-signaling pathway. In addition to the MEK- 

Erk pathway, the PI-3-kinase-Akt pathway also generates a significant survival signal. 

Akt was recently demonstrated to undergo caspase-dependent cleavage during apoptosis 

induced by treatment either with etoposide, ultraviolet-C exposure, or Fas ligation in 

human Jurkat leukemia cells (52). To assess whether this pathway is also affected in 

vitamin D3-induced apoptosis, immunoblot analysis was used to assess Akt 

phosphorylation and expression in lysates of cells treated with either vehicle or vitamin 

D3. Figure 4A shows that vitamin D affected Akt in a manner similar to that of MEK, 

inducing a strong decrease in both its phosphorylation and expression. Inhibition of Akt 

by vitamin D3 was shown to occur via caspase-dependent cleavage of Akt (Fig. 4B). 
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Vitamin D3 induces MEKK-1 expression in apoptotic and non-apoptotic cells and 

promotes MEKK-1 proteolysis in apoptotic cells. Although the above results clearly 

indicate that cells undergoing vitamin D3-induced apoptosis exhibit a block in the 

mitogenic/survival signaling pathways, this alone may not be sufficient to induce cells to 

enter programmed cell death. Therefore, in an effort to assess whether vitamin D3 

treatment also activates stress signals that could directly promote apoptosis, SCC cells 

were treated with or without vitamin Q and the expression of MEKK-1, an upstream 

activator of the JNK and the p38 MAPK stress pathways, was assessed by Western blot 

analysis. As shown in Fig. 5A, vitamin D3 significantly up-regulated MEKK-1 

expression in both the attached and floating cell populations, with expression being 

greater in the floating, apoptotic cells. A second major immuno-reactive band of slightly 

lower molecular weight (approximately 190 kDa; Fig. 5A, left panel, lane 3) compared to 

that of intact MEKK-1 (MW =196 kDa) was also detected in lysates of apoptotic, but not 

attached, cells. In addition, longer exposures of the X-ray film to the Western blot ECL 

signal revealed multiple minor immuno-reactive bands in the lysates of floating cells 

(MW range of 85-190 kDa) that were not observed in those of attached cells (Fig. 5A, 

right panel, compare lanes 2 and 3). Since the anti-MEKK-1 antibody recognizes an 

epitope lying very near the C-terminus of the MEKK-1 protein (within the last 50 amino 

acids of rat MEKK-1; see Experimental Procedures), these data indicate that the products 

formed represent MEKK-1 species that have undergone N-terminal proteolysis. It has 

been previously demonstrated that upon treatment of cells with either genotoxic agents or 

Fas ligation, MEKK-1 undergoes caspase-3-mediated cleavage, resulting in the removal 

of the N-terminal regulatory domain and the production of a constitutively active G 
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terminal kinase domain (49). Thus, some or all of the lower molecular weight anti- 

MEKK-1 positive bands produced upon treatment with vitamin D3 may represent 

MEKK-1 proteolytic products displaying constitutive kinase activity. Finally, as shown 

in Fig. 5B, MEKK-1 induction was observed by 22 h after treatment with vitamin Q, a 

time at which vitamin E^-induced apoptosis and cell detachment are not observed (data 

not shown), further suggesting a role for MEKK-1 in vitamin Ü3-induced apoptosis. 

Induction of MEKK-1 by vitamin D3 has not been previously reported. 

MEK cleavage and MEKK-1 up-regulation are not significantly induced by 

cisplatin. We next addressed whether the effects of vitamin E^ on MEK and MEKK-1 

described above were general phenomena of SCC cells that could be observed during 

apoptosis induced by other agents or if they were selectively induced by treatment with 

vitamin D3. Cells were treated either with vitamin E>3 (10 nM) or with cisplatin (cDDP, 1 

ug/ml) for 2 days, the attached and non-attached cell populations were separated, and 

lysates were prepared from both. Similar levels of apoptosis were observed for vitamin 

D3- and cisplatin-treated cells at the time of harvest (data not shown). As shown in Fig. 

6, vitamin D3 and cisplatin both induced PARP cleavage in the floating cell populations, 

but not in the attached cell populations, demonstrating that the floating cells from both 

treatments represent only those cells induced to undergo apoptosis. Significant loss of 

MEK expression and MEK cleavage, however, were only observed for lysates of 

apoptotic cells from vitamin E^-treated cultures. Although the 33 kDa MEK fragment 

could be observed in lysates of cisplatin-treated floating cells, it was typically observed at 

levels less than those observed for lysates of vitamin Eb-treated floating cells (Fig. 6). 
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In addition, significant up-regulation of MEKK-1 was observed only for vitamin 

Ü3-treated cells, particularly in the non-attached apoptotic population, and limited N- 

terminal MEKK-1 proteolysis was exclusively observed in the vitamin Dß-treated, 

detached cells (Fig. 6). Although a slight induction of MEKK-1 was observed for 

cisplatin-treated attached cells, this induction was no longer observed in the floating cells 

(Fig. 6). Thus, caspase-dependent MEK cleavage and MEKK-1 up-regulation/proteolysis 

are not general phenomena of apoptosis observed in these cells, but are selectively 

induced by vitamin D,. Taken together, these results suggest that vitamin Q induces 

apoptosis in SCC cells by a mechanism that is distinct from that of genotoxic agents. 

Vitamin D3 and genotoxic agents display differential effects on the expression and 

activity of various anti-apoptotic and pro-apoptotic proteins. In an effort to more fully 

understand the molecular basis of vitamin D3-induced apoptosis and how it compares 

with that of standard chemotherapeutic drags, cells were treated with either vitamin Ii, 

cisplatin, or etoposide (VP16) for 2 days and the expression/phosphorylation of various 

members of the survival and stress signaling pathways were examined. Apoptosis in the 

floating cells was confirmed by assessing loss of intact PARP as an indicator of caspase 

activation (Fig. 7). In addition, actin expression was assessed to confirm equal loading of 

lysates to SDS-PAGE and to demonstrate selectivity of protein degradation. As shown in 

Figure 7, in the attached cells, phosphorylation of MEK and Erkl/2 was modestly 

inhibited by cisplatin and etoposide but was not affected by vitamin Ds. In the floating 

cells, the phosphorylation of these proteins was still moderately inhibited by the 

genotoxic agents, but was strongly decreased to virtually undetectable levels in lysates of 
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vitamin Dj-treated cells (Fig. 7). Moreover, cisplatin and etoposide had little effect on 

MEK expression in both the attached and the non-attached cell populations, whereas 

vitamin Q reduced MEK expression to nearly undetectable levels in non-attached cells 

(Fig. 7). Erkl/2 expression, while again being unaffected by cisplatin or etoposide, was 

only modestly reduced by vitamin Dj in detached cells (Fig. 7). Expression of the pro- 

survival kinase Akt, on the other hand, was inhibited by all three agents in the non- 

attached cell populations, albeit to different extents (Fig. 7). Loss of Akt expression 

during apoptosis was expected since Akt was previously reported to undergo caspase- 

dependent cleavage in human Jurkat leukemia cells after treatment with various cytotoxic 

agents (52). It is interesting to note that a greater loss in Akt expression was exhibited by 

vitamin D3 than by either cisplatin or etoposide, suggesting that vitamin D3 induces 

greater activation of caspase(s) capable of cleaving Akt than either genotoxic agent. 

These results support the idea that inhibition of the MEK-Erk and Akt survival pathways 

may be a common mechanistic theme for agents that induce apoptosis (33,34,52). 

However, as might be expected, the molecular basis of inhibition of survival signals, as 

well as the extent to which they are inhibited, appears to vary among agents. Thus, the 

molecular mechanism by which vitamin Dj and genotoxic agents inhibit Erk signaling 

appears to be distinct (i.e., MEK cleavage vs. decreased MEK phosphorylatbn, 

respectively), while these agents appear to down-regulate the Akt pathway in a similar 

manner (i.e., decreased Akt expression). 

Divergent effects of vitamin Q and genotoxic drugs were also observed on the 

stress signaling proteins examined. First, similar to the results presented in Fig. 6, only 

vitamin  D3   significantly induced MEKK-1   expression,  formation of the  MEKK-1 

18 



doublet, and production of high molecular weight MEKK-1 proteolytic species (Fig. 7 

and data not shown). Expression of SEK-1, a major downstream effector of MEKK-1, 

exhibited similar behavior to MEK, with strong down-regulation induced by vitamin E3 

in apoptotic cells but little effect exhibited by the DNA-damaging agents (Fig. 7). While 

genotoxic agents induced c-Jun phosphorylation, vitamin D3 reduced levels of c-Jun 

phosphorylation (Fig. 7). Thus, vitamin Ü3-induced apoptosis does not appear to be 

mediated via JNK-c-Jun activation. A second, distinct stress signaling pathway activated 

by MEKK-1, that mediated by p38 MAPK, appeared to remain intact after vitamin Q 

treatment, and demonstrated an increase in p38 MAPK phosphorylation levels in 

apoptotic cells, despite a modest decrease in p38 MAPK expression (Fig. 7). These data 

suggest that vitamin Eb-induced apoptosis is mediated by p38 MAPK. Unfortunately, we 

were unable to confirm the involvement of p38 MAPK through the use of the selective 

inhibitor SB203580 since this inhibitor also exhibited unexpected effects on some of the 

up-stream vitamin D3-induced effects described above (data not shown). Further 

investigation is necessary to determine the exact role of p38 MAPK in vitamin D3- 

induced apoptosis. 
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DISCUSSION 

Taken together, the above results strongly suggest that vitamin D3 induces 

programmed cell death in SCC cells via the induction of the pro-apoptotic signaling 

molecule MEKK-1 while blocking pro-survival signals from the MEK-Erk and Akt 

pathways. Based on these findings, we propose that, prior to commitment to apoptosis, 

vitamin D? up-regulates MEKK-1 in non-apoptotic, attached cells (Fig. 5, A and B), but 

at levels which are insufficient to overcome the opposing effects of the MEK-Erk and 

Akt survival pathways. Unknown factors then trigger limited activation of caspases, 

including an unidentified caspase (or caspase-dependent protease; discussed below) that 

is selectively activated in vitamin Dj-treated cells. This caspase activity promotes MEK 

cleavage and removal of the MEK-Erk pro-survival signal (Figs. 2 and 3). Furthermore, 

caspase-dependent proteolysis of Akt kinase occurs (52), and results in abrogation of this 

survival signal as well (Fig. 4). Finally, MEKK-1 undergoes partial proteolysis at its N- 

terminal regulatory domain (Figs. 5A and 6), producing species that exhibit constitutive 

activity, further activating caspases and significantly enhancing the pro-apoptotic signal 

(49). Activation of the MEKK-1-mediated stress pathway(s), without the presence of 

offsetting anti-apoptotic signals, is proposed to be sufficient for committing cells to enter 

apoptosis. 

Caspase-dependent cleavage of MEK has not been previously reported. This 

may, in part, be explained by the fact that significant MEK cleavage was only observed 

for vitamin Dj-induced apoptosis and not for apoptosis induced by more commonly used 

cytotoxic agents (Figs. 6 and 7).  Widmann et al. have recently performed an extensive 
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screening of more than thirty signaling proteins, including MEK, for their ability to 

undergo caspase-dependent proteolysis after induction of apoptosis by either treatment 

with etoposide, exposure to ultraviolet-C, or Fas ligation (52). They reported that, 

whereas all of the treatments induced apoptosis and the processing of caspase-3, as well 

as Akt cleavage, they had little effect on the expression of MEK (52). These results 

indicate that MEK cleavage is not a general phenomenon of the apoptotic program and 

suggest that a protease capable of cleaving MEK is selectively induced by vitamin D3. It 

is important to note that while MEK cleavage is blocked by the pan-caspase inhibitor 

zVAD (Fig. 3), this does not necessarily indicate that caspases directly cleave MEK. The 

pro-apoptotic molecule Bax, for example, has been demonstrated to undergo caspase- 

dependent cleavage, but is not directly cleaved by caspases. Instead, caspase-3 first 

mediates the cleavage and consequent activation of calpain, which then acts to cleave 

Bax (53,54). Identification of the caspase(s)/protease(s) responsible for MEK cleavage is 

an area of current research. 

It is somewhat surprising that vitamin Q would also strongly down-regulate (in 

caspase-dependent fashion; data not shown) the stress signaling molecule SEK-1 in 

apoptotic cells, similar to MEK (Fig. 7). However, other models have shown a lack of 

correlation to exist between activation of the SEK-JNK pathway and induction of 

apoptosis (55,56). In fact, for some cells, signaling in this pathway has been linked to 

cell survival (57) and even to cell proliferation (58). Thus, the possibility exists that 

elimination of SEK-1 signaling may actually assist in commitment to the cell death 

program. As with MEK cleavage, caspase-dependent SEK-1 proteolysis has not been 

previously described.   It is interesting to note that MEK and SEK-1 have analogous 
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central positions in their respective three-kinase signaling modules (reviewed in (59)) and 

that both should be efficiently targeted for destruction in a vitamin D3-selective fashion. 

Thus, the possibility exists that a single, vitamin D^-induced, caspase/protease activity is 

capable of cleaving these critical signaling molecules and irreversibly blocking their 

respective pathways. 

As mentioned above, Akt, in contrast to MEK and SEK-1, appears to be down- 

regulated in vitamin Q-treated apoptotic cells as part of the general apoptotic program 

since it was also observed after treatment with genotoxic agents (Fig. 7). Co-treatment 

with zVAD blocked vitamin D3-induced loss of Akt expression, indicating that it is also 

caspase-dependent (Fig. 4B). These findings support previous work which demonstrate 

caspase-dependent cleavage of Akt upon induction of apoptosis by DNA-damaging 

agents or Fas ligation (52). It is presently not known whether vitamin Dj-induced Akt 

down-regulation is mediated by the same caspase(s) activated by genotoxic agents or if 

distinct activities may be involved. 

MEKK-1 has been demonstrated to play a pivotal role in mediating apoptosis 

induced by various cytotoxic treatments including genotoxins (49) and Fas ligation (50). 

MEKK-1 is known to be activated by phosphorylation [autophosphorylation or via a 

distinct kinase (60,61)] and/or caspase-3-mediated cleavage (49). Treatment of cells with 

DNA-damaging agents results initially in phosphorylation-dependent activation of 

MEKK-1 and, subsequently, in its caspase-3-mediated cleavage, leading to nearly 

complete loss of the 196 kDa intact protein and the appearance of a 91 kDa fragment with 

constitutive kinase activity (49,52). Interestingly, this pattern is not maintained in cells 

induced to undergo apoptosis by vitamin D3.   Instead, intact MEKK-1 expression is 
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further induced in apoptotic cells concurrent with the expression of a slightly lower 

molecular weight MEKK-1 species (about 190 kDa) as well as multiple smaller MEKK-1 

fragments representing N-terminal proteolytic species (Fig. 5). The cellular scaffolding 

protein 14-3-3 has been shown to associate with the N-terminal portion of MEKK-1 and 

is thought to regulate its biological function by sequestering the protein to membranes, 

enabling it to respond to growth factor and cytokine stimulation (62). Whereas 

endogenous MEKK-1 has been shown to be exclusively associated with membranes, 

MEKK-1 over-expression leads to significant accumulation of the protein within the 

cytosol (about half of the expressed protein), uncontrolled MEKK-1 activation, and cell 

death (49). Similarly, caspase-3-mediated cleavage not only renders the C-terminal 

kinase domain to be constitutively active but also liberates it from membranes (50,62). 

Thus, deregulated localization of MEKK-1 within the cell appears to play a role in the 

induction of apoptosis via MEKK-1. At present, it is not known whether the intact 

MEKK-1 protein and/or the N-terminal proteolytic fragments induced by vitamin Th, are 

still associated with 14-3-3 or whether they are expressed in the cytosol. 

The results presented herein shed light on the molecular events involved in 

vitamin E^-induced apoptosis and provide a biochemical basis for the use of vitamin Q 

(and vitamin D3 analogues) in the treatment of cancer. Indeed, clinical trials are currently 

underway to assess the efficacy of vitamin D-based compounds both as a single agent 

(63,64) as well as in combination with traditional chemotherapeutic agents (65). Several 

studies have demonstrated that vitamin Q or its analogues can enhance the in vitro 

cytotoxicity of various anti-neoplastic agents, including tumor necrosis factor a (TNF-a) 

(66), radiation (67), cisplatin (51,68,69), adriamycin (69,70), and paclitaxel (70).   In all 
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but the earliest of these studies (68), enhancement of cytotoxicity required pre-treatment 

of the cells with vitamin D3. It is intriguing to speculate, based on the results described 

above, that vitamin Dj may be priming the cells to exhibit heightened sensitivity to the 

cytotoxic regimen by either up-regulating MEKX-1 expression/activity, inducing a 

vitamin Dj- selective caspase/protease, or both. This notion gains support from studies 

demonstrating that acute expression of activated MEKK-1 potentiates apoptosis induced 

by low doses of DNA-damaging agents or TNF-a (71). Moreover, MCF-7 cells, which 

do not express caspase-3 but require its expression for cisplatin-induced apoptosis (72), 

show enhanced cisplatin cytotoxicity when pre-treated with vitamin Dj (68), suggesting 

that vitamin D3 may selectively induce a caspase-3-like activity in these cells that renders 

them susceptible to cisplatin. In a similar fashion, vitamin D3 may alleviate drug 

resistance that is based on caspase-3 deficiency as in cisplatin-resistant human ovarian 

adenocarcinoma 2008/C13 cells (73). Furthermore, vitamin D3 may attenuate drug 

resistance that is based on the MEK-Erk (reviewed in (34)) or Akt (74) survival 

pathways, via induction of a caspase/protease activity that interferes with these signaling 

mechanisms. 

24 



REFERENCES 

1. Chouvet, C, Vicard, E., Devonec, M., and Saez, S. (1986) J. SteroidBiochem. 24, 

373-376 

2. Welsh, J. (1994) Biochem. Cell Biol. 72, 537-545 

3. Fife, R., Sledge, G. J., and Proctor, C. (1997) Cancer Lett. 120, 65-69 

4. Zhuang, S., and Burnstein, K. (1998) Endocrinology 139, 1197-1207 

5. Diaz, G., Paraskeva, C, Thomas, M., Binderap, L., and Hague, A. (2000) Cancer 

Res. 60,2304-2312 

6. Danielsson, C., Fehsel, K., Polly, P., and Carlberg, C. (1998) Cell Death Differ. 5, 

946-952 

7. Abe, E., Miyaura, C, Sakagami, H., Takeda, M., Konno, K., Yamazaki, T., 

Yoshiki, S., and Suda, T. (1981) Proc. Natl. Acad. Sei. U.S.A. 78, 4990-4995 

8. Liu, M., Lee, M.-H., Cohen, M., Bommakanti, M., and Freedman, L. (1996) 

Genes Dev. 10, 142-153 

9. Jiang, H., Lin, J., Su, Z.-Z., Collart, F., Huberman, E., and Fisher, P. (1994) 

Oncogene 9, 3397-3406 

10. Getzenberg, R., Light, B., Lapco, P., Konety, B., Nangia, A., Acierno, J., Dhir, R., 

Shurin, Z., Day, R., Trump, D., and Johnson, C. (1997) Urology 50, 999-1006 

11. Eisman, J., Barkla, D., and Tutton, P. (1987) Cancer Res. 47, 21-25 

12. Welsh, J., Van Weelden, K., Flanagan, L., Byrne, I., Nolan, E., and Narvaez, C. 

(1998) Subcell. Biochem. 30, 245-270 

25 



1 

13. Evans, S., Soldatenkov, V., Shchepotin, E., Bogrash, E., and Shchepotin, I. (1999) 

Int. J. Oncol. 14, 979-985 

14. Fioravanti, L., Miodini, P., Cappelletti, V., and DiFronzo, G. (1998) Anticancer 

Res. 18, 1703-1708 

15. Hansen, C, and Maenpaa, P. (1997) Biochem. Pharmacol. 54, 1173-1179 

16. Blutt, S., Polek, T., Stewart, L., Kattan, M, and Weigel, N. (2000) Cancer Res. 

60,779-782 

17. James, S., Mercer, E., Brady, M., Binderup, L., and Colston, K. (1998) Br. J. 

Pharmacol. 125, 953-962 

18. Verlinden, L., Verstuyf, A., Van Camp, M., Marcelis, S., Sabbe, K., Zhao, X., De 

Clercq, P., Vandewalle, M., and Bouillon, R. (2000) Cancer Res. 60, 2673-2679 

19. McElwain, M., Dettlebach, M., Modzelewski, R, Russell, D., Uskokovic, M., 

Smith, D., Trump, D., and Johnson, C. (1995) Molec. Cell. Diff. 3, 31-50 

20. Hershberger, P., Modzelewski, R., Shurin, Z., Rueger, R., Trump, D., and 

Johnson, C. (1999) Cancer Res. 59, 2644-2649 

21. Blutt, S., and Weigel, N. (1999) Proc. Soc. Exp. Biol Med, 221, 89-98 

22. Campbell, M., Elstner, E., Holden, S., Uskokovic, M., and Koeffler, H. (1997) J. 

Mol. Endocrinol. 19, 15-27 

23. Kawa, S., Nikaido, T., Aoki, Y., Zhai, Y., Kumagai, T., Furihata, K., Fugii, S., 

and Kiyosowa, K. (1997) Br. J. Cancer 76, 884-889 

24. Narvaez, C, and Welsh, J. (1997) Endocrinology 138, 4690-4698 

25. Simboli-Campbell, M., Narvaez, C, Tenniswood, M., and Welsh, J. (1996) J. 

Steroid Biochem. Mol. Biol. 58, 367-376 

26 



26. Simboli-Campbell, M., Narvaez, C, van Weelden, K., Tenniswood, M., and 

Welsh, J. (1997) Breast Cancer Res. Treat. 42, 31-41 

27. Blutt, S., McDonnell, T., Polek, T., and Weigel, N. (2000) Endocrinology 141, 

10-17 

28. Van Weelden, K., Flanagan, L., Binderup, L., Tenniswood, M., and Welsh, J. 

(1998) Endocrinology 139, 2102-2110 

29. Mathiasen, I., Lademann, U., and Jaattela, M. (1999) Cancer Res. 59, 4848-4856 

30. Rozen, F., and Pollak, M. (1999) Int. J. Oncol. 15, 589-594 

31. Xie, S., Pirianov, G., and Colston, K. (1999) Eur. J. Cancer 35, 1717-1723 

32. Yu, H., and Berkel, H. (1999) J. LA State Med. Soc. 151, 218-223 

33. Jarpe, M., Widmann, C, Knall, C, Schlesinger, T., Gibson, S., Yujiri, T., Fänger, 

G., Gelfand, E., and Johnson, G. (1998) Oncogene 17, 1475-1482 

34. Dent, P., Jarvis, W., Birrer, M., Fisher, P., Schmidt-Ullrich, R., and Grant, S. 

(1998) Leukemia 12, 1843-1850 

35. Sanchez-Perez, I., and Perona, R. (1999) FEBSLett. 453, 151-158 

36. Chen, Y.-R., Wang, X., Templeton, D., Davis, R., and Tan, T.-H. (1996) J. Biol. 

Chem. 271,31929-31936 

37. Verheij, M., Bose, R., Lin, X., Yao, B., Jarvis, W., Grant, S., Birrer, M., Szabo, 

E., Zon, L., Kyriakis, J., Haimovitz-Friedman, A., Fuks, Z., and Nolesnick, R. 

(1996) Nature 380, 75-79 

38. Toyoshima, F., Moriguchi, T., and Nishida, E. (1997) J. Cell Biol. 139, 1005- 

1015 

27 



39. Le Gall, M., Chambard, I, Breittmayer, J., Grail, D., Pouyssegur, J., and Van 

Obberghen-Scilling, E. (2000) Mol. Cell. Biol. 20, 1103-1112 

40. Erhardt, P., Schremser, E., and Cooper, G. (1999) Mol. Cell. Biol. 19, 5308-5315 

41. Xia, Z., Dickens, M., Raingeaud, J., Davis, R., and Greenberg, M. (1995) Science 

270, 1326-1331 

42. Gardner, A., and Johnson, G. (1996) J. Biol. Chem. 271, 14560-14566 

43. Chen, R., Su, Y., Chuang, R, and Chang, T. (1998) Oncogene 17, 1959-1968 

44. Datta, S., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and Greenberg, M. 

(1997) Cell 91, 231-241 

45. del Peso, L., Gonzalez-Garcia, M., Page, C, Herrera, R, and Nunez, G. (1997) 

Science 278, 687-689 

46. Cardone, M., Salvesen, G., Widmann, C, Johnson, G., and Frisch, S. (1997) Cell 

90,315-323 

47. Rudel, T., and Bokoch, G. (1997) Science 276, 1571-1574 

48. Xu, S., Robbins, D., Christerson, L., English, J., Vanderbilt, C, and Cobb, M. 

(1996) Proc. Natl. Acad. Sei. U.S.A. 93, 5291-5295 

49. Widmann, C, Gerwins, P., Johnson, N., Jarpe, M. B., and Johnson, G. L. (1998) 

Mol. Cell. Biol. 18, 2416-2429 

50. Deak, J., Cross, J., Lewis, M., Qian, Y., Parrott, L., Distelhorst, C, and 

Templeton, D. (1998) Proc. Natl. Acad. Sei. U.S.A. 95, 5595-5600 

51. Light, B., Yu, W.-D., McElwain, M., Russell, D., Trump, D., and Johnson, C. 

(1997) Cancer Res. 57, 3759-3764 

28 



52. Widmann, C., Gibson, S., and Johnson, G. L. (1998) J. Biol. Chem. 273, 7141- 

7147 

53. Wood, D., and Newcomb, E. (1999) J. Biol. Chem. 274, 8309-8315 

54. Wood, D., Thomas, A., Devi, L., Berman, Y., Beavis, R., Reed, J., and Newcomb, 

E. (1998) Oncogene 17, 1069-1078 

55. Khwaja, A., and Downward, J. (1997) J. Cell Biol. 139, 1017-1023 

56. Liu, Z.-G., Hsu, H., Goeddel, D., and Karin, M. (1996) Cell 87, 565-576 

57. Nishina, H., Fischer, K., Radvanyi, L., Shahinian, A., Hakem, R, Rubie, E., 

Bernstein, A., Mak, T., Woodgett, J., and Penninger, J. (1997) Nature 385, 350- 

353 

58. Smith, A., Ramos-Morales, F., Ashworth, A., and Collins, M. (1997) Cwr. Biol. 

7, 893-896 

59. Widmann, C, Gibson, S., Jarpe, M. B., and Johnson, G. L. (1999) Physiol. Rev. 

79, 143-180 

60. Deak, J., and Templeton, D. (1997) Biochem. J. 322, 185-192 

61. Siow, Y., Kalmar, G., Sanghera, J., Tai, T., Oh, S., and Pelech, S. (1997) J. Biol. 

Chem. 272, 7586-7594 

62. Fanger, G., Widmann, C, Porter, A., Sather, S., Johnson, G., and Vaillancourt, R 

(1998) J. Biol. Chem. 273, 3476-3483 

63. Gross, C, Stamey, T., Hancock, S., and Feldman, D. (1998) J. Urology 159, 

2035-2040 

64. Trump, D., Serafine, S., Brufsky, A., Muindi, J., Bernardi, R., Potter, D., and 

Johnson, C. (2000) Proc. Am. Soc. Clin. One. 19, 337a 

29 



65. Johnson, C, Egorin, M., Zuhowski, E., Parise, R., Cappozolli, M., Belani, C, 

Long, G., Muindi, J., and Trump, D. (2000) Proc. Am. Soc. Clin. One. 19, 210a 

66. Pirianov, G., Danielsson, C, Carlberg, C, James, S., and Colston, K. (1999) Cell 

Death Differ. 6, 890-901 

67. Sundaram, S., and Gewirtz, D. (1999) Rad. Res. 152, 479-486 

68. Cho, Y., Christensen, C, Saunders, D., Lawrence, W., Deppe, G., Malviya, V., 

and Malone, J. (1991) Cancer Res. 51, 2848-2853 

69. Opolski, A., Wietrzyk, J., Siwinska, A., Marcinkowska, E., Chrobak, A., 

Radzikowski, C, and Kutner, A. (2000) Curr. Pharm. Des. 6, 755-765 

70. Wang, Q., Yang, W., Uytingco, M., Christakos, S., and Wieder, R. (2000) Cancer 

Res. 60, 2040-2048 

71. Widmann, C, Johnson, N., Gardner, A., Smith, R, and Johnson, G. L. (1997) 

Oncogene 15, 2439-2447 

72. Blanc, C, Deveraux, Q., Krajewski, S., Janicke, R, Porter, A., Reed, J., Jaggi, R., 

and Marti, A. (2000) Cancer Res. 60,4386-4390 

73. Gebauer, G., Mirakhur, B., Nguyen, Q., Shore, S., Simpkins, H., and 

Dhanasekaran, N. (2000) Int. J. Oncol. 16, 321-325 

74. Page, C, Lin, H., Jin, Y., Castle, V., Nunez, G., Huang, M., and Lin, J. (2000) 

Anticancer Res. 20, 407-416 

30 



FOOTNOTES 

'The abbreviations used are: vitamin D3, 1,25-dihydroxycholecalciferol; SCC, squamous 

cell carcinoma; Erk, extracellular signal-regulated protein kinase; MEK, Erk kinase; 

MEKK-1, mitogen-activated protein kinase kinase kinase-1; FBS, fetal bovine serum; 

PARP, poly(ADP-ribose) polymerase; ECL, enhanced chemiluminescerce; TNF-oc, 

tumor necrosis factor-a. 
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FIGURE LEGENDS 

FIGURE 1. Vitamin D3 induces apoptosis in murine squamous cell carcinoma 

(SCC) cells in vitro. SCC cells were treated with either vehicle (< 0.001 % ethanol, 

EtOH) or 10 nM vitamin Q (1.25-D3) in RPMI medium containing 12 % fetal bovine 

serum (FBS), as described in Experimental Procedures. After 2 days, cells were 

photographed (A) and/or processed for either YO-PRO-1/propidium iodide staining 

followed by flow cytometric analysis (B) or Western blotting (C) as described in 

Experimental Procedures. Photographs show that vitamin Q causes SCC cells both to 

flatten (Gl arrest) and to enter apoptosis as visualized by bright cells that exhibit cellular 

condensation and membrane blebbing. Results from flow cytometric analysis were 

plotted such that FL1 represents fluorescence of propidium iodide and FL2 represents the 

fluorescence of YO-PRO-1. This analysis demonstrates that vitamin D3 significantly 

increases the percent of cells in early apoptosis (from 0.2 % to 11.0 %), cells in late 

apoptosis/necrosis (from 13.7 % to 28.7 %), and total cells in apoptosis (from 13.9 % to 

39.7 %). Immunoblot analysis with anti-PARP antibody indicates that cells which are 

detached (but not the attached cells) are apoptotic. *!* In vehicle-treated cultures, nearly 

all of the cells were attached to the flask and it was not possible to collect the very small 

number of floating cells for Western blot analysis. These results are representative of at 

least four independent experiments. 
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FIGURE 2. Vitamin Eb induces loss of MEK protein expression, appearance of 

lower molecular weight anti-MEK immunoreactive proteins, and strong inhibition 

of MEK-Erkl/2 signaling. Cells were treated 2 d with either vehicle or 10 nM vitamin 

D3 in the presence or the absence of fetal bovine serum (FBS). The floating and attached 

cell populations were then obtained and subsequently processed for immunoblotting with 

either anti-phospho-MEK, anti-phospho-Erkl/2, anti-MEK, or anti-Erkl/2 antibodies to 

assess the phosphorylation/activation and expression of MEK and Erkl/2, as described in 

Experimental Procedures. Immunoblot analysis with anti-MEK antibody detected 

putative MEK fragments at 33 kDa (in the presence of serum) and 28 kDa (in the absence 

of serum) in apoptotic cell populations from vitamin Ü3-treated cultures. ♦ Vehicle- 

treated cells were essentially all attached to the flasks whether or not serum was present. 

These results are representative of at least three independent experiments. 
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FIGURE 3. Vitamin D3 induces caspase-dependent MEK cleavage. Cells were 

treated 2 d with either vehicle or 10 nM vitamin Q in the presence or the absence of 

either 20 |iM ZrDEVD-FMK (DEVD) or 20 uM Z-VAD(OMe)-FMK (zVAD). Cells 

were then harvested and lysates were prepared and subjected to immunoblotting with 

appropriate antibodies, as described in Experimental Procedures. The results presented 

in the figure were obtained from a single X-ray exposure of samples run on the same gel 

using equivalent amounts of protein for each sample. ♦ Vehicle-treated cells were 

essentially all attached to the flask. Inhibition of MEK cleavage by zVAD was observed 

in at least three independent experiments. 

FIGURE 4.   Vitamin D? inhibits Akt survival signaling via caspase-dependent Akt 

cleavage. Cells were treated 2 d with either vehicle or 10 nM vitamin D3 (A and B) in the 

presence or the absence of 20 uM Z-VAD(OMe)-FMK (zVAD) (B). Cells were then 

processed for immunoblotting with either anti-phospho-Akt or anti-Akt antibodies, as 

described in Experimental Procedures. It should be noted that, in some experiments, 

vitamin D3 partially inhibited phosphorylation of Akt in the attached cells. 
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FIGURE 5. Vitamin D3 induces MEKK-1 expression and N-terminal proteolysis in 

apoptotic cells. A, cells were treated 2 d and then processed for anti-MEKK-1 

immunoblotting to assess MEKK-1 expression as described in Experimental Procedures. 

The anti-MEKK-1 antibody recognizes an epitope located within the last 50 amino acids 

of the rat MEKK-1 protein and is identical in sequence to the same region of the mouse 

MEKK-1 protein (see Experimental Procedures). B, cells were treated for either 1 or 2 d 

and then processed as in A. Vitamin rvinduced MEKK-1 up-regulation and N-terminal 

proteolysis were observed in at least four independent experiments. 

FIGURE 6. Vitamin D3 and cisplatin both induce PARP cleavage but only vitamin 

D3 induces significant down-regulation of MEK and up-regulation/N-terminal 

proteolysis of MEKK-1. Cells were treated 2 d with either vehicle, 10 nM vitamin D3 or 

1 [ig/ml cisplatin (cDDP) and processed for immunoblotting to assess PARP cleavage, 

MEK expression/cleavage, and MEKK-1 expression/proteolysis as described in 

Experimental Procedures. These results suggest that MEK cleavage and MEKK-1 up- 

regulation are not general phenomena of apoptosis (as is PARP cleavage), but are 

selectively induced by vitamin Q. These results are representative of four independent 

experiments. 
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FIGURE 7. Vitamin D3 and genotoxic agents exhibit similar and divergent effects 

on the expression and phosphorylation of various signaling proteins. SCC cells were 

treated 2 d with either vehicle, 10 nM vitamin E^, 10 uM etoposide (VP16), or 1 |ig/ml 

cisplatin (cDDP), harvested, and lysates prepared as described in Experimental 

Procedures. Immunoblotting was then carried out to assess the expression of PARP, 

MEK, Erkl/2, Akt, MEKK-1, SEK-1, p38 MAPK, and actin, as well as the 

phosphorylation/activity of MEK, Erkl/2, c-Jun, and p38 MAPK, as described in 

Experimental Procedures. These results suggest that the molecular mechanism by which 

vitamin Q promotes apoptosis is distinct from that of genotoxic drugs. It should be 

noted that, although genotoxic drugs consistently increased (or maintained) levels of 

phosphorylation for p38 MAPK and c-Jun in the attached cell population, as shown here, 

their affects on the levels of these phospho-proteins in the floating cell population were 

variable. 
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*820 

Effects of High Dose Calcltriol (U5 Dlhydroxyvltamin D3) on the Pharmacoki- 
netlcs of Pac itaxal or Carboplatin: Results of Two Phase I Süidi«   C S 

Considerable in vitro and in vivo data indicate that pretreatment with 
calctno enhancesThe antlfumöT effects of taxanes and platKm Tna 
logues. We are conducting two phase I trials: carboplatin (AUC=5) o28 
dajT+

+ ef^ntin? t0S6S 0f C8lcitrio1 (subcutaneous) QDx3 q28 days and 
pach axe! 80mg/m2) weekly + escalating doses of caicitriol 1 o) QDx3 
weekly. Calcitrtol starting dose was 4it g QDX3 in each t a stiii-S 
designed such that in each patient, c?Än or Sta e aS gllen on 
day 1 before calc triol in one treatment and on day 3 after So fey[tfhtah 
dose calc.tr.ol in the next. This permits comparison of AUC o° eJher agent 
in the same patient before and after pretreatment witicalcK Dose 
limitrng tox.city has not been encountered in either trial; euren doses of 
calcitnol are 13« po QDX3 either weekly (with paciitaxe  orTfweek (with 

XftÄ^ffi-* ^ W WBS n0t different with » Sout calc Si AUC of carhop atin was higher in each patient following calcltriol than 
before calC^,o (mean AUC - 7^Tg7m!.hr ± 1>3| CASSTDIS. 
AUC - 6.7^. g/ml.hr ± 1.5, carboplatin day 3). While no dose limltine 
T^JSÜT S6en' mye,°suPPres^n followingthe Mq^crtSS 
tin-» calcitnol was cons.stently less than that following calcrtriof -> 

ÄrÄS^".! With the Change in AUC" No cllnSlÄSbte renal impairment has been seen with either sequence. These data indicate 
that potentiation of paclitaxel by calcitnol is not rSd to aS 
pharmacokmet.es of paclitaxel while potentiation of carboplatin by cS 

c&ZZLT * J^ t0 reduced carb°P,atin clearance S?udies o characterize these effects further are underway. Supported bv NIH/NCRR/ 

SeyeCrs?quib#b5M01RR0°056and NC' CA67^ Ä^^^ 
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..-»- 

*1327 

High Dose Caicitriol (1,2S(0H)2 Vitamin D3) + Dexamethasone in Androgen 
Independent Prostate Cancer (AIPC). 0. L Trump, S. Serafine, A. Brufsky, J. 
Muindi, R. Bernardi, D. Potter, C. Johnson; Univ of Pittsburgh Cancer Inst, 
Pittsburgh, PA 

Epidemiologicai data suggest that low vitamin D exposure increases the risk 
of prostate cancer and in vitro and jri vivo data demonstrate the antitumor 
effects of caicitriol in prostate cancer mö3els, We are conducting a phase 11 
trial of high dose caicitriol + dexamethasone in AIPC. We have shown that 
dexamethasone (Dex) enhances caicitriol antitumor effects and reduces 
calcitriol-induced hypercalcemia. Thirty-two (32) patients with AIPC pro- 
gressing despite anti-androgen withdrawal have been entered. Caicitriol is 
given orally, 8ju, g Monday, Tuesday, Wednesday (MTW), weekly xl month, 
lO/i g MTW, weekly xl month and then 12/t g MTW weekly. Dex !a given 4 
mg Sunday, MTW each week. Patients are evaluable for response if they 
completed =s 1 month of 12 /xg caicitriol MTW. 24 patients are evaluable, 
4 TETE 4 unevaluable. 2 patients have had mild and transient hypercalce- 
mia. (12.1 mg/dL in each case). In neither case was cessation of treatment 
or dose reduction required. 3 patients withdrew from therapy due to 
moderate hypercortisolism (proximal myopathy) and one patient developed 
an asymptomatic renal stone. Among 24 patients evaluable, responses 
have been noted as follows: > 50% PSA j : 5 (21%), ! PSA velocity: 19 
(79%). These data indicate that high dose caicitriol + dexamethasone is 
safe; clear antitumor effects are evident. Studies continue to define the 
maximum dose of caicitriol which can be safely administered on this 
intermittent schedule and to evaluate the mechanisms of caicitriol effects. 
Supported by CaPCURE, NCI CA 47904 and NCI CA 67267 



PHARMACOLOGY AND EXPERIMENTAL TiieRAPEUTICS 2 

#97 ENHANCED ANTI-TUMOR EFFICACY WITH DEXAMETHASONE/ 
CALCITRIOL/CISPLATIN THERAPY: ROLE OF P21WAF1. Pamela A Hersh- 
berger, R. A ModzelewsW, R. M Reuger, K. E Bium, D. L Trump, and C. S 
Johnson, Univ of Pittsburgh Cancer Institute, Pittsburgh, PA 

Calcitrlol (1,25-Dg) pre-treatment decreases p21 expression and increases 
clsplatin fcDDP) cytotoxicity in the murlne squamous cell carcinoma (SCC) model. 
Dexamethasone (DEX) also decreases p21 expression in SGC in vitro and was 
evaluated tor its ability to increase oDDP cytotoxicity in combination with 1,25-D3. 
SCC ceils were incubated with DEX, 1,25-D3, and/or cDDP, and cell viability 
determined by trypan blue. Pre-treatment with DEX/1;25-D3 followed by cDDP 
resulted in greater growth inhibition than treatment with cDDP alone or pre- 
treatment with 1,25-D3 followed by cDDP. To examine the in vivo activity of the 
combination, SCC tumor-bearing mice were treated with DEX on days 0 to 3, 
1,25-D3 on days 1 to 3, and cDDP on day 3. Greater anti-proliferatlve activity was 
observed tor DEX/1,25-D.j/cDDP as compared to DEX/1,25-D3{p<0.003, Mann- 
Whitney test) or 1,25-Da/cDDP (p<0.05). Preliminary Western analysis of tumors 
harvested from treated animals indicates p21 protein levels are increased follow- 
ing DEX/1,25-D3/cDDP administration compared to 1,25-D3/cDDP. These obser- 
vations suggest DEX enhancement of anti-tumor activity is Independent of p2t. 
Nonetheless, the observed increase in anti-tumor activity supports the hypothesis 
that DEX/1,25-D3/cDDP therapy has utility in the treatment of solid tumors. 
Supported by NIH grant CA67267, CaPCURE, The M.H. Jennings Fnd., and 
USAMRMC. 
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#1787 THE BISPHOSPHONATE ZOLEDRONATE (CGP42446) SIGNIFI- 
CANTLY DECREASES CALCITRIOL MEDIATED HYPERCALCEMIA. Robert M 
Rueger, K. E Blum, C. S Johnson, and D. L Trump, Univ of Pittsburgh Cancer 
Institute, Pittsburgh, PA 

Bisphosphonates are used to inhibit increased bone resorption in tumor-in- 
duced hypercalcemia, Paget disease, and osteoporosis. The bisphosphonates 
are calcium chelators and have high affinity for bone. Zoledronate, a new bisphos- 
phonate, has substantially increased antiresorptlve potency compared to first 
generation agents (e.g. etidronate). Recent studies indicate that Zoiedronate may 
block caicitriol-induced osteolysis in vitro. Detailed' studies were initiated to 
examine the effect of Zoledronate on caicitriol-induced hypercalcemia. Normal 
C3H/HeJ mice were pretreated with Zoledronate (10/xg/kg) on day-1 and given 
daily x3 calcitriol (0.251 /j.g/mouse). Blood was collected 0,24,48 hours following 
the last calcitriol treatment. Peak serum calcium levels were significantly de- 
creased in Zoiedronate/calcitriol treated animals as compared to calcitriol alone 
(p=0.0002). 24 and 48 hours after the third caicitriol treatment, serum calcium 
was elevated in animals treated with calcitriol alone (17.2 ±1.1 and 16.5 ± 
1.1mg/dl, respectively) but significantly reduced in animals treated with the com- 
bination (14.7 ± 0.9 and 13.4 ± 0.9mg/dl). In addition, Zoledronate alone and 
Zoiedronate/calcitriol treated animals showed a marked reduction in dehydration, 
piloerection, and cachexia due to hypercalcemia. These data Indicate that Zoledr- 
onate blocks the oniy known calcitriol toxicity and suggest that Zoledronate may 
permit administration of high doses of calcitriol. Supported by NIH grant CA 
67267, CaPCURE, USAMRMC, Novartls Pharm. and The Mary Hillman Jennings 
Foundation. 
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#2724 1,25-DIHYDROXYCHOLECALClFEROL (CALCITRIOL) INHIBITS 
MITOGEN-ACTIVATED PROTEIN KINASE ACTIVITY WITHOUT SIGNIFI- 
CANTLY AFFECTING MEK ACTIVITY IN MURINE SQUAMOUS CELL CARCI- 
NOMA CELLS. Terence F McGulre, J. Brallter, D. L Trump, and C. S Johnson 
Univ of Pittsburgh Cancer Institute, Pittsburgh, PA 

We demonstrated that oaicltriol inhibits the growth of tumor cells in vitro and in 
vivo in a variety of tumor models. The mechanism by which calcitriol exerts its 
growth inhibitory effects is unclear, in vitro, exponentially growing murine squa- 
mous cell carcinoma (SCC) cells express high levels of phosphorylated/activated 
MAPK (erkl and erk2), proteins which are known to transduce mttogenic signals 
to the nucleus in response to a number of extracellular stimuli. Treatment of cells 
with calcitriol (10 nM) decreased levels of phosphorylated (activated) MAPK at 
24 h and 48 h with no significant effect on MAPK expression as evaluated by 
Western blot. While calcitriol modestly reduced the expression of MEK, the kinase 
responsible for activating MAPK, it did not significantly alter MEK phosphoryla- 
tlon/actlvity as assessed by Western biot and in vitro kinase assays. In addition, 
the levels of EGF, PDGF, and IGF1 growth factor receptors were significantly 
enhanced in calcitriol-treated cells compared to vehicle-treated cells. Thus, in- 
creased growth factor receptor signaling may compensate for the loss in MEK 
expression induced by calcitriol. These results suggest that calcitriol does not 
inhibit MAPK by inhibiting the upstream mitogenic signal from growth factor 
receptors but rather may be deactivating MAPK by inducing a MAPK phospha- 
tase, MKP-1, which appears to be modulated. Supported by grants from NIH 
CA67267, CaPCURE, USAMRMC, and The M. H. Jennings Fnd. 
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#4908 EFFECTS OF CALCITR10L ON THE GLUCOCORTICOID RECEP- 
TO?AND THE ROLE OF CROSS-TALK IN THE ANTI-PROLIFERATIVE EF- 
JKTS 5FTOE COMBINATION OF CALCRTRIOL AND H»»WHft 
Wei-Dong Yu, R. J Bemardt, P. A Hershberger, C. S Johnson, and D. L Trump. 
Univ of Pittsburgh Cancer Institute, Pittsburgh, PA 

We^^demonstrated that the antt-prollferative effects of calcltnol (1 25-D3) 
arrsiantflcantly enhanced by dexamethasone (DEX) In vitro and In vivo using the 
Iccff/S?squamoSs cell carcinoma model system. DEX increases vttamm D 
feceX (VDTO Ikjand binding and VDR protein levels. Studies were undertaken to 
Lssess the interaction between 1,26-0», DEX, and the giucccorticoid receptor 
fSr and ite Srtance tor the anti-prollferatlve effects of this cornbtnat.on 
SSLv We used the QR antagonist, RU486. to assess the requirement for 

nfmnnSe that GR iioand binding was significantly increased by treatment of 
sKS^with 125-D3?»<0.001), while binding was decreased in cells treated 
2* 1 25-D3 and RU4B6. Western blot analysis revealed that treatment of SCC 
celte wrth 1?25-D3 increased QR protein levels as compared to untreated cells 
RU486 blocked the growth Inhibitory effects of DEX/n vftro by crystal vntot assay 
aniWootoTaccumulation of ceils in Go/Gn. Our results are consistent wKh a 
mode in which GR binding is required for the enhancement of the arrti-prokfar- 
S effects of 1,25-D3 by DETFurthermore, they indicate that cross-talk be- 

SeenlS-D^nd DE* signaling may ^^XS£SiS?cSSSS 
action of this combination therapy. Supported by NIH grant CA 67267, CaPCUHt, 
USAMRMC, and The Mary Hillman Jennings Foundation. 
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i 

#4i>4 1,25-DihydroxycholecalciferoI (Calcitrio!) Enhancement of Chemo- 
therapeutic Efficacy: Synergistic Effects by Median Dose Effect Wei-Dong 
Yu, Robert M. Rueger, Ralph W. Fuller, Candace S. Johnson, and Donald L 
Trump. University of Pittsburgh Cancer institute, Pittsburgh, PA. 

1,25-dihyroxycholecalciferol (caicitriol) or the cabitriol analogue, 1,25-dihydroxy- 
16-ene-23-yne-cholecalcifero!, 7553 (Hex) significantly increases in vitro and in vivo 
mediated anti-tumor effects of platinum analogues (cispiatin and carboplatin) and 
taxanes (paclitaxel and docetaxel) in a variety of tumor model systems (murine 
syngeneic squamous ceil carcinoma, SCC; human xenograft prostatic adenocarci- 
noma, PC-3 and lung carcinoma, MV522 and a rat syngeneic prostatic adenocarci- 
noma, MLL). The effect of these combinations results in greater than 3-5 log cell kill 

Jwhen.xompared.4o-^qy--agent-alone.-To-determine-whether-4he abiiity-to-enhanee- 
calcitriol-mediated antitumor effect was iimited to these class of drugs, we investi- 
gated the abiiity of caicitriol to potentiate the cytotoxic activity of irinotecan (CPT-11) 
etoposide (VP-16), mitoxantrone (MXN), 5-fiuorouacil (5FU), carmustine (BCNU)' 
cytarabine (Ara-C), doxorubincin (DOX) in SCC by the in vitro crystal vioiet/MTT 
assay. Using median dose effect analysis, strong synergy was observed across all 
fractions effected with CPT-11, Ara-C, DOX,. 5FU, and MXN with .no significant 
enhancement seen with BCNU and moderate synergy with VP-16. In synergistic 
combinations, lower doses of both caicitriol and chemotherapeutic drug were equally 
effective suggesting the potential to significantly limit toxicity. These results demon- 
strate differences jn the abiiity of caicitriol to increase the antitumor efficacy of 
cytotoxic agents. I he mechanisms involved in the ability of caicitriol to significantly 
enhance these agents remains to be determined and is currently under investigation 
Supported by NIH grant CA 67267; CaPCURE, Ilex Oncology. Inc.. and USAMRMC 
17-98-1-8549. 

84 
Proceedings of the American Association for Cancer Research • Volume 42 «> March 2001 



EXFERIMENTAL/MOLECULAR THERAPEUTICS 32 

#3449 1,25-Dihydroxyvitamin D3 (Calcitriol) Inhibits Survival Signals and 
induces MEKK-1 and Apoptosis in Murine Squamous Ceil Carcinoma Cells: 
Selective Induction of Caspase-dependent MEK Cleavage. Terence F. 
McGuire, Donald L. Trump, and Candace S. Johnson. University of Pittsburgh, 
Pittsburgh, PA. ' 

Caicitriol inhibits proliferation and induces apoptosis in several human cancer 
lines in vitro and in vivo. However, little is known about the jnolecular events 
involved in calcitriol-induced apoptosis. Here, we demonstrate that the growth-' 
promoting/pro-survival signaling moiecuie mitogen-activated protein kinase ki- 
nase (MEK) is cleaved in a caspase-dependent manner in murine squamous cell 
carcinoma (SCC) ceils induced to undergo apoptosis by treatment with calcitriol. 
MEK cleavage has not been previously reported. Cleavage results in nearly 
complete loss of intact MEK expression and, consequently, of MEK and Erk1/2 
phosphoryiation. Erk1/2 expression is only slightly affected. Similar to MEK, the 
phosphoryiation/expression of Akt, a kinase regulating a second ceil survival 
pathway, is also inhibited after calcitriol treatment. In contrast, the pro-apoptotic 
signaling moiecuie MEKK-1 is up-regulated in both apoptotic and.non-apoptotic 
cells with greater induction and partial N-termlnai proteoiysis of MEKK-1 ob- 
served in apoptotic cells. In contrast to calcitriol, cisplatin and etoposide do not 
promote significant loss of MEK expression, and do not up-reguiate MEKK-1. We 
propose that calcitriol induces apoptosis in SCC cells by a mechanism involving. 
selective induction of MEKK-1 and promotion of caspase-dependent MEK cleav- 
age. These effects, together with more general features of programmed ceil death 
(i.e., caspase-dependent cleavage of Akt), shift the overall state of the ceil to one 
strongly favoring apoptosis. Supported by grants from NCI CA85142, CA67267, 
USAMRC 179818549, and CaPCURE. 
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